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ABSTRACr 
This study is concerned with the development of insights into the kinds of conceptions 
and understandings that A-level students have with respect to the nature of chemical 
reactions. The interview-about-events technique was used to elicit students' ideas, 
explanatory models and theories about the nature of chemical reactions. Five main events, 
involving chemical phenomena familiar to the students, were used as foci for discussion 
during the interviews. Based on their knowledge of the properties of the common 
substances involved, students were asked to make predictions about the kinds of chemical 
reactions and energy changes involved. in additior4 for each event, they were asked to 
provide detailed accounts of how they imagined the reaction taking place at the 
microscopic level and why they thought the reaction takes place. 
The 48 students were each interviewed twice, using essentially the same interview 
schedule; once when they were in their lower sixth form, and second time when they were 
in the upper sixth form. This longitudinal approach enabled the investigation of students' 
progression in conception and understanding with increased exposure to formal chemistry 
instruction. 
r1he consistency of students' ideas was examined by comparing students' conceptions and 
understandings across the five events. 
The main study findings are that, Whilst most students gave a good account of the 
reactants and products involved, they were less able in their explanations of the processes 
or energetics of chemical reaction. Contrary to expectations for A-level, few students were 
able to utilise the scientist's approach of using a single, consistent conceptual model or 
framework to explain a multiplicity of superficially different events. Rather, these students 
held a variety of task related alternative frameworks in much the same way as younger 
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AA Achieving Approach 
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AS Achieving Strategy 
DA Deep Approach 
DM Deep Motive 
DS Deep Strategy 
GCSE General Certificate of Secondary Education 
KE Key Element 
LPQ Learning Process Questionnaire 
L6 Lower sixth form (same as L) 
SA Surface Approach 
SM Surface Motive 
Ss Surface Strategy 
ULEAC: University of London Examinations and Assessment Council 
U6 Upper sixth form (same as U) 
The following variable names used in the Minitab software program are used in the body of the text with 
the following meanings: 
A-L-KE KE score on aspect A at L6 
A-PRO-KE KE progression score on aspect A 
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NOMENCIATURES USED IN THIS THESIS 
A number of referencing nomenclatures are used in this thesis. These are defined below: 
1. SCHOOL REFERENCES 
Schools are identified by a single alphabetic character from the following list: C, E, P, F, S. 
2. STUDENT REFERENCES 
Students are identified by an alphanumeric code as follows: 
Ann 
where A is the student' s school code 
nn is he number of the student NN4thin a particular school 
nn = (odd number) for male student 
nn = (even ntunber) for female student 
3. ENTERVIM ERENCES 
Interviews are identified by an alphanw-neric code as follows: 
Ann. m 
where Ann refers to the student identity 
m is the interview number for a student 
m=I= Lower Sixth Interview 
rn =2= Upper Sixth Interview 
If reference is made to both interviews attended by a particular student then the form Amn. 1,2 is 
used. 
A reference Ann. m is used interchangeably according to context to refer to either a specific 
interview or student Ann at interview in. 
4. ALTERNATIVE CONCEPTIONS (ACs) 
Alternative Conceptions are identified by an alphanwneric code as follows: 
Xn. x 
where X refers to the aspect (A, B, C, or D) against which the AC is identified 
n identifies the group within X to which the AC is allocated 
x identifies the alphabetic sequence within Yn 
5. USE OF IrrAUCS: FORMAT OF ENTERVIEW TEXIS 




1.1 BACTOCROUND AND RATIONALE FOR TIHE STUDY 
Chemical reactions occur within us and round about us all the time. The various life 
processes such as respiration and digestion all involve chemical reactions. Cooking, 
heating of houses, heating of stearn to produce electricity, transport, manufacturing, all 
involve chemical reactions; more specifically, combustion reactions, directly or indirectly. 
Not only are chemical reactions ubiquitous in our everyday life, they are also central in 
the domain of chemistry. 
The concept of chemical reaction is fimdamental to the study of chemistry. According to 
a definition from Underwood and Webster (1981), chemistry is "the study of the 
properties of the matter that makes up the earth and the rest of the universe. The chemist 
is particularly concerned with the ways in which different substances react together, and 
with the ways in which some substances are made up from other simpler ones. " 
Substances are identified and distinguished by both their chemical and physical properties. 
Chemical properties, however, can only be ascertained by the use of chemical reactions. 
Thus, the concept of chemical reactions is not only at the core and foundation of 
chemistry study but also permeates its entire structure. 
In secondary school curricula, students are introduced to the concept of chemical reactions 
very early in their school career, during which time, chemical reactions are either carried 
out by students themselves or demonstrated to them. 
While there is literature documenting students' conceptions of chemical reactions, much 
of this refers to pupils who have not yet received a significant amount of 
fon-nal science 
education and is primarily concerned with documenting younger pupils' pre-formal or 
naive concepts. What evidence there is appears to show that students of all ages and 
levels 
have great difficulties in grasping the scientist's view of the concept of chemical reaction. 
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A survey of the literature reveals a general lack of science education research involving 
older students, particularly those who are in a transitional phase between the secondary 
school and university, that is, sixth formers or A-level students. Within this dearth of 
material, chemistry students may be judged to be under-represented. This may reflect a 
perceived view within education that such student's, having chosen to study the subject 
at an advanced level and who have some long term commitment to science, are unlikely 
to Provide new Or generalised insigbts into science education. 
When the search is fijfther focused on sixth formers' or A-level chemistry students' 
conceptions and understandings of the nature of chemical reactions, the need for studies 
in this area is evident; there is lack of information and insights about how these students 
view and explain common chemical phenomena and reactions. 
Ac 
,L Q3 chemistry is generally regarded as a difficult subject, the insights into the specific 
nature of the difficulties confronting learners would be useful to classroom teachers as 
well as curriculum developers in their tasks of helping learners grasp this most basic, most 
enveloping concept in the study of chemistry. 
Among the few studies which have involved students at this level, that is, aged between 
17-19 years, not many have employed the labour-intensive technique of interview-about- 
events, which was used in the present study. One of the features of studies hitherto carried 
out which employed written tests or paper-pencil methods was that there were limitations 
to what could be exposed and explored if students involved were not interviewed to allow 
for clarifications and probings of meanings of terrns and labels used by both researcher 
and the students involved. Among the handful of studies which did involve the use of 
interview-about-events as a data gathering device, the coverage and emphasis were very 
different from the present study. 
This present study is aimed at addressing some of the needs and gaps highlighted in the 
preceding paragraphs. It is unique in its comprehensive and in-depth coverage of students' 
understandings in the key conceptual area of chemical reactions, especially with respect 
to understandings of chemical bonding and the dynamics of chemical reaction which is 
key to the process of prediction. Using a flexible yet structured interview format, it allows 
students to reveal not only their conceptions and theories of the nature of chemical 
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reactions in the context of some familiar chemical phenomena, but also their reasoning 
processes. 
The study is also a longitudinal one, in the sense that the students' understandings are 
examined at two points, one in the lower sixth form and the other in the upper sixth from, 
i. e., separated by a period of fortnal chemistry instruction and learning. 
It allows for investigation into the development and progression in conceptions and 
understandings of students as individuals. It also facilitates the evaluation of the 
consistency or inconsistency of students' ideas by evaluating their understandings over a 
range of five main events or tasks. Additional checks on students' understandings are also 
provided for in the form of two other events which are directly linked and parallel to two 
of the five main events, so that in effect, seven events are used as foci for discussion in 
the interviews. The size of the sample enables analysis of common misconceptions and 
reasoning processes within the group and by drawing the sample from a range of schools 
gives some insights into different lean-fing environments. 
The study also looks at students' motives and strategies in lean-fing, as well as their 
perceptions of chemistry classes, and the possible effects these have on students' 
conceptions and understandings. It is to be acknowledged that besides these two variables, 
there are a multitude of other variables (such as those associated with the teacher and 
his/her interaction with the individual students, the students' prior achievements and 
homegrounds and so forth) which influence students' learning. 
Re study, which employs the interview-about-events as a main data collection device, 
enjoys an advantage by having as its specific focus sixth formers or A-level students, who 
are inevitably a more select, motivatecL mature and also perhaps generally more reflective, 
vocal and expressive group compared to younger students, having had the benefit of more 
time to consolidate and integrate their scientific ideas and having greater maturity to be 
able to express them. 
Aks. noted earlier, this category of students has generally been eschewed by researchers in 
the past since questions of educational returns have inevitably led researchers to be 
concerned with issues of generalisability of findings over the population as a whole 
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whereas W-level students can be seen as being focused and non-representative, being the 
top 10-15% of each cohort. 
This has contributed, at least in part, to an imbalance in current science education research 
where the need is now for more insights into the conceptions and understandings of older 
students in particular disciplines rather than for more generalisations of student 
populations as a whole. 
1.2 DESIGN OF THE STUDY 
The study sample of 48 sixth formers was drawn from 5 schools; 3 are secondary schools 
and 2 sixth form colleges, roughly 10 students per school. 
Ihe interview-about-events technique (Osbome and Gilbert, 1980; Gilbert, Watts and 
Osborne, 1985) was chosen as a method for gathering data on students' conceptions and 
understandmgs after exammmg the methods of previous studies. 
The detailed learning experiences which students had encountered in class were not 
monitored. However, it had been ascertained by examination of the work schemes and 
informal discussions with the teachers concerned that the students had covered the basic 
concepts investigated in this study. 
r1be choice of events, interview questions, and the framework for analysis interview data 
were based essentially on the epistemology of the subject. 
Additionally, a paper and pencil questionnaire of 50 items was used to determine students, 
approaches to the learning of subject content and their perceptions of chemistry classes. 
The first 36 items on the questionnaire which were about students' motives and strategies 
in learning, were adopted from Biggs'Learning Process Questionnaire (Biggs, 1987), with 
minor changes in the wording of a small number of items. The rest of the 14 items which 
relate to students' perceptions of their chemistry lessons were constructed by this 
researcher and validated by two experts in the field. 
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Both qualitative and quantitative methods were employed in analysing the gathered data. 
1.3 AEMIS OF THE STUDY 
The main aims of this study are: 
(a) to develop comprehensive insights into A-level students' understandings of the 
nature of some familiar, well-known chemical reactions; 
to examine consistencies and inconsistencies in these understandings over different 
events; 
(c) to investigate how these understandings, develop or change with increasing 
exposure to formal chemistry instruction; 
(d) to investigate the students' learning approaches (in terms of learning motives and 
strategies) and perceptions of chemistry classes; and the possible effects these have 
on students' understandings. 
1.4 PROCEDURAL SUMMARY 
In May 1992, a pilot study was carried out by this researcher at two schools in the 
London area. The purpose was to gain experiences in conducting student interviews and 
to refine the interview structure. 
r1be first round of interviews for the main study was carried out when the students were 
in the second and third terms of their lower sixth form, i. e., from November to May 1993. 
Then followed a second round of interviews lasting from September to December 1993, 
involving essentially the same subjects (with the exception of those who had dropped 
chemistry in the interim period between the 2 interviews), who were then in the upper 
sixffi fonn. 
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Each upper sixth interviewee also completed the 50-item learning process questionnaire. 
Supplementary data about the school and classroom environment were also gleaned from 
informal, unobtrusive observations as well as from infon-nal discussions with teachers. 
Such data were used to understand the different learning approaches adopted by students. 
1.5 STRUCrURE OF TBE TIHESLS 
This thesis is divided into three main parts. 
Chapters I and 2 provide background to the research through this introduction and the 
review of related literature respectively. 
Chapter 3 describes the research methods and procedures. 
Chapters 4 to 13 describe research fmdings and discuss intetpretations. 
The study is based on students' understandings of four key aspects of chemical reactions 
measured over five events. The five events were: 
1. hot copper in air; 
2. the burning candle; 
3. the bunsen flame; 
4. addition of magnesium to dilute hydrochloric acid; 
5. addition of aqueous lead nitrate to aqueous sodium chloride. 
r1he four aspects were: 
A. the type of change predicted; 
B. the overall energy change predicted; 
C. how the process of change is conceived or imagined; 
D. what the students conceived of as the driving force for the change or the 
students' explanation for why they thought the change took place. 
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In this study the data is exan-fined. by school, gender and event for the following reasons: 
a) This researcher has designed and arranged the 5 events in what is 
hypothesised/conceptualised to be a hierarchy of increasing difficulty or 
complexity. It is thus pertinent throughout the study to examine students' responses 
by event to test this hypothesis. 
b) One Of the aims in this study was to examine the consistency or inconsistency in 
students' understandings and conceptions across different tasks or events. 
C) Although school and gender effects were not the main focus of this study, it 
became pertinent to examine them because the data showed that there are 
significant differences in students' understandings and conceptions of some aspects 
between schools and genders. 
Chapters 4 to 7 each discuss students' understandings of a separate aspect, A to D, 
associated with the nature of chemical reactions across five separate events. 
Chapter 8 discusses and categorises students' understandings and alternative conceptions 
of the nature of chernical reactions based on findings revealed in Chapters 4 to 7. 
Chapter 9 is concerned with the issues of progression and non-progression. 
Chapter 10 is concerned with the issues of consistency and inconsistency of students' 
conceptions across events. 
Chapter II is concerned with students' learning approaches and perceptions of chemistry 
classes; and the possible effects these have on students, understandings. 
Chapter 12 presents an individual student case study (flifther illustrative case studies are 
at Appendix Ni 
Chapter 13 summarises the findings, discusses interpretations, implications, and 
significance of the study; and makes recommendations for further research. 
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CHAPTER 2 
REVI[EW OF TIHE RELATED LITERATURE 
Ihe purpose of this chapter is to provide a review of the literature that is related to this 
study. 
Section 2.1 provides an introductory background to the development and study of concept 
theory as a basis for the more detailed review sections that follow. 
Section 2.2 provides a synthesis of a current view of learning as a process of conceptual 
development which is subscribed to by this researcher. 
Section 2.3 deals with the nature of students' alternative conceptions in science thinking 
in ten-ns of their possible origins and causes, consistency and persistence . 
Section 2.4 deals more specifically with students' conceptions and difficulties in the 
leaming of chemistry topics, with particular emphasis on the nature of chemical reactions. 
Section 2.5 deals with some of the techniques which have been used to elicit data on 
students' conceptions. 
Section 2.6 summarises the literature review as a platfonn for this particular study. 
(For a review of the literature which relates to learning approaches with specific reference 
to the Biggs' Learning Process Questionnaire, LPQ, see Appendix L. ) 
2.1 CONCFPIS AND CONCEPTUALISATION 
since students' conceptualisations in the area of chemical reaction represent a key aspect 
of this study, it is, first of all, important to review some of the literature to determine 
acceptable definitions and meanings with respect to concepts and the mental processes 
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associated with conceptualisation. 
Not only is conceptualisation key to this work but, if a broader view is taken, 
conceptualisation. lies at the heart of scientific understanding and scientific enquiry. The 
role of the scientist may be considered as the building of conceptual models to endeavour 
to explain "how" and "why" things happen in complex real-world events. The usefulness 
of the conceptual model can be judged by the degree of accuracy of the model in its 
construction and detail as compared to the real world. A detailed and accurate model will 
correctly reflect the real world and enable "what if ' Or "how about" questions to be asked 
by the suitable manipulation of the model itself rather than the equivalent manipulation 
of the real world; an important consideration in such diverse areas as developing a jet 
engine or predicting the path of a comet through space. The conceptual model is, in fact, 
the basis of prediction which is one of the main aims of science. 
.L ILO 
Ac stated by Hurd (1970), concepts have the most potential for interpreting, generalising, 
inferfing and providing many oppoftunities for the development of cognitive skills and 
logical thinking which characterise leaming in any discipline, and in particular, science. 
Concepts can also be used to build other more powerful concepts and principles within 
science and provide linkages with the conceptual structure of other disciplines. 
According to Hurd (1970) a concept may be defined as follows: 
A concept is a synthesis or logical relationship given to relevant information by 
the student; it is a product of his/her own imagination, insight or reasoned 
judgement. A concept is more than a collection of organised facts. Facts are 
essentially bits of infort-nation, concepts are mental constructs resulting from the 
class identity given to the facts by the learner (p. 57). 
Rothenberg (1985) gives another definition of the term concept from a slightly different 
stance: 
in philosophical terms a concept is an idea that includes everything 
characteristically associated with or suggested by a class of logical species. For the 
psychologist, a concept is knowledge not directly perceived through the senses, but 
29 
which results from the manipulation of sensory impressions (p. 500). 
Yet another definition of a concept is given by Fieldman (1987): 
A concept is a categorisation of objects, events or people that share common 
properties. 'nuough the use of concepts we are able to distil the complexities of 
the world into more simplified and therefore more easily usable cogaitive 
categories. Concepts allow us to classify newly encountered objects into a form 
that is understandable in ten-ns of our past experience (p. 210). 
These three definitions, with their differing emphases on structure and process, lead into 
considerations of the ways in which concepts are developed, the nature of 
conceptualisation and thence onto questions of how new knowledge is learned and new 
ideas generated. 
Gilbert and Watts (1983) in discussing the development of a new realist approach to 
science education to replace the earlier allegiance to empirical inductivism, identify three 
views of concept: 
A 'classical' view in which essentially all instances of a concept share common 
properties; properties which are necessary and sufficient to defme the concept. 
Gilbert and Watts describe this view as "too simplistic" and "remote from the 
concept forming activity in both subject-oriented terms and as well as in everyday 
life", referring to work by Johnson-Laird and Wason (1977). 
An 'actionall view, in which conceptualising is a "kind of doing' (Neisser, 1976) 
and concepts are seen as active, constructive and intentional, being "ways of 
organising our experiences" (Freyberg and Osborne, 198 1) so that new experiences 
always result in some amomt of reorganisation of existing concepts. 
A 'relational' view of concept which represents the middle-ground between the 
classical and actional views. In the relational view, the all-or-nothing syllogistic 
nature of concept has given way to some flexibility and includes borderline cases 
or degrees of membership. It represents a composite view of concepts comprising 
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probabilistic as well as exemplar components. This means that instances can be 
evaluated against two terms: in terms of their degree of membership of a particular 
concept (i. e., their 'probability' of membership) and in ten-ns of their linkages to 
other concepts. An example of where this 'relational' view of concept is applied 
is the work on 'fuzzy sets' (Zadeh, 1965, discussed in Pope and Keen, 198 1). This 
view represents an improvement on the classical view in the sense that it allows 
for a mixture of forms of concepts and shifts towards a more naturalistic 
consideration of concept development. 
Returriing to the earlier definitions of concept quoted above, the last two definitions 
(Rothenberg, 1985; Fieldman, 1987) reflect essentially the 'classical' view of concept; the 
definition by Hurd (1970) appears closer to the 'actional' view discussed, because of the 
emphasis it gives to the action on the part of the individual student in concept fon-nation. 
Hurd! s definition by placing the task on concept formation on the student is reflective of 
the activist view of concept espoused by Lakatos (1970), who maintains it is we who 
create our own conceptual frames, and therefore "we can also, critically, demolish them" - 
A ementioned by Gilbert and Watts (1983), it is not likely that a tight division can be I XIO 
maintained between the three views of concept. In this present study, for example, the 
classical view is applied where judgment is made on whether a particular view expressed 
by a student is an "altemative conception" (AC); also whenever the term "misconception" 
is used with respect to the view(s) expressed by an individual or group of students, it 
implies that the studenfs view has been judged against the accepted scientific concept, in 
its classical sense. 
However, the actional view is also implied, in that the term "alternative conception" is 
used in this study mainly in the sense suggested by Driver and Easley (1978), which is 
to focus on the "alternative interpretations" of natural phenomena by learners which are 
the "product of pupils' imaginative efforts to explain events and abstract commonalities 
they see between them". This meaning of the term "alternative conception (AC)" also 
includes the meaning suggested by Gilbert and Watts (1983), where the focus is again on 
the "personalised, theorising and hypothesising of individuals". In the main, the term "AC' 
used in this study refer to ideas which are at variance with currently accepted scientific 
ideas and these include students' ideas which arise as a result of confusion or of non- 
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formal thinking or 'one factor only type reasoning. In this present thesis, the ten-n 
"misconceptions" and "alternative conceptions" are used rather interchangeably. When an 
idea or AC is used with consistency over more than one context or event, then it is 
referTed to as an "alternative framework" as used in Driver and Easley (1978). 
2.2 VEEW OF LFARNING AND TEACHING 
This researcher subscribes to the general view of learning as conceptual development or 
change rather than piecemeal accretion of new information. In particular, the 
constructivist-generative learning model propounded by a number of researchers (Kelly, 
1955; Wittrock, 1974 ab, 1984; Osbome and Wittrock, 1985; Driver, 1986; Pines and 
West, 1986) is adopted. In this view, the route to the learner's construction of meaning 
from incon-fing experiences do not begin with that experience. It begins with selective 
attention of that experience, which is governed by a variety of aspects of long-term 
memory and cognitive processes. Attention involves both attending to the unexpected and 
sustaining an interest in the experience, which requires voluntarily controlled effort. The 
natural consequence of selective attention is selective perception. To construct meanings 
from sensory information, the leamer needs to generate links to what are perceived to be 
relevant aspects of information in the long-term memory. In other words, learning with 
understanding is a generative process of constructing meaning from one's memories, 
knowledge, experience and inputs. 
In other words, it means that knowledge is not simply absorbed from a book or a lecture. 
Instead, each learner constructs his/her own version of each concept, and the construction 
is informed at every stage by the learner's overall conceptual model or worldview (Brown, 
1979). 
The learner's worldview influences the way s/he sees himself/herself and the way s/he 
interprets the world around, pen-nitting him/her to make j udgrnents about whether and how 
components fit together (Boulding, 1956). One's worldview includes (but is not limited 
to) one's six-fold image: one's ideal self, one's perception of one! s actual self, one's ideal 
world; one's perception of the actual world; how one wants to be seen by others; and how 
one thinks one is seen by others. This means in effect that learning, including learning 
in 
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science, cannot be seen as merely involving the learner's cognitive capacity and 
engagement, but also the entire human person, with the involvement of affect and 
emotions. From this, it can be seen why a learners worldview influences his/her 
confidence in lean-iing science. 
A learner's worldview also includes beliefs which are personally intrinsic and which 
greatly influence cognitive responses to an idea. If a concept that is being taught is in 
conflict with the student's beliefs, whether it involves his/her self-image, value system, 
perception of the world, perceptions of other people's expectations, then the learner is 
likely to have difficulty learning the concept. Conversely, if the new concept fits easily 
into his/her worldview, then learning may be relatively easy. (Fisher and Lipson, 1986; 
Hewson, 198 1). 
This view of learning poses a tremendous challenge to the teacher. It means not only must 
the teacher be aware of the learner's cognitive knowledge and capacity, but s/he must also 
be mindful of the learner's psychological-emotional state, beliefs and value system. This 
is important in the process of helping the learner to construct meaning from incoming new 
concepts, and to transfer appropriate ideas from long-ten-n memory to the comprehending 
of the new information, the teacher needs to provide retrieval cues that will take into 
consideration not just the learners pre-existing ideas but also his/her emotional and 
psychological states and belief system. 
2.3 STUDENTS'CONCEMONS AND DIFF CULUES IN I EARNING 
SCIENCE/CHEIVEISTRY 
Studies in students' alternative conceptions (ACs) in science have a long history, being 
traceable back to Piaget's early work on childrens views of natural phenomena (Piaget, 
192% 1930). There is now a substantial body of literature documenting the various types 
of alternative conceptions or preconceptions held by students in various conceptual areas 
(Driver and Oldham., 1985; Pftmd and Duit, 1991; Carmichael et al, 1991). However, the 
vast majority of these studies involved science learning up to age 16. 
in the literature are also various studies on strategies that have been devised to promote 
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conceptual change in learners. These strategies generally fall into two broad categories. 
'ffie fust category of strategies are based essentially upon cognitive conflict and the 
resolution of conflicting perspectives (e. g., Nussbaum and Novick, 1982; Posner et al., 
1982; Champagne, Gunstone and Klopfer, 1985). The second category of strategies 
comprise those which build on learners' existing ideas and extend them (Clement et al., 
1987; Clement, Brown and Zietsman, 1989; Niedderer, 1987). 
2.3.1 HOW STUDENTS'ALTERNATIVE CONCEMONS (ACs) ARISE 
The origin of ACs have been examined by many researchers. Among the sources of ACs 
suggested are the following, some of which overlap: 
From everyday experience and observation (Claxton, 1982; di Sessa, 1982; Strauss, 
1981; and Viennot, 1979). Young children, for example, leam much from their 
environment through kinaesthetic experiences such as the handling of objects, in 
Bnmees terrns, the enactive mode of learning, or in Piagetian terms, the sensori- 
motor stage. From such experiences, ideas such as an object will only move as 
long as a force is applied are likely to develop. Further childhood experience will 
tend to reinforce these intuitive ideas until more scientific views are encountered 
in school, which could then lead to confusion and learning difficulties. From such 
experience, non-Newtonian ideas such as 'an object will only move if a force is 
applied, and as soon as the force is removed, it stops' will develop. 
From the use of perceptual thinking, which is related to the previous source, and 
is seen in a number of studies where students' explanations of scientific 
phenomena are dominated by what is immediately perceptible. In the field of 
mechanics for example, Gilbert, Watts and Osborne (1982) found that pupils who 
were shown a picture of a golf ball free falling towards the ground denied that 
there is a force acting on it. In the study on state changes such as evaporation 
(Stavy, 1989) and dissolving (Piaget and Inhelder, 1974), combustion (Driver, 
1985 and BouJaoude, 1991) the use of perceptually dominated thinking leads 
students to infer disappearance of material. 
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From confusion about analogies (Shipstone, 1984). Much explanation in science 
involves the use of analogies. The use of spontaneous analogies in problem-solving 
by scientifically trained subjects have been described by Clement (1981). The fact 
that there is no perfect congruence between an analogy and the idea or concept 
which is being explained can often lead to confusion and alternative conceptions 
as the analogy becomes over-extended in the students' mmds. 
From the use of metaphors. VVhle the use of analogies can be consciously and 
purposefully introduced by teachers, the negative influence of metaphors can be 
unnoticed by teachers because of their prevalence in everyday language. A number 
of researchers (such as Black 1962; Ortony, 1979; Sutton, 1982; Eaton et al., 
1983; Head and Sutton, 1985) have suggested that metaphors are central in our 
thinking which result in metaphorical speech in our verbal communication. For 
example, in the case of studies on electricity, words such as 'current' and ToW 
may suggest a comparison with the movement of water even if the analogy has not 
been made by the teacher. Such confusion would seem almost inevitable since 
there is so much overlap between words used in science and in everyday language. 
From diagrams or statements in textbooks - errors or inconsistencies in textbooks 
may contribute to students' misconceptions since they are a major source of 
infortnation (Blosser, 1987). For example, Baird (1986) found the discussion of the 
nature of chemical bonding in many textbooks to be so simplified that many 
scientifically incorrect statements are made. Cho, Kahle and Nordland (1985) 
examined what they considered to be three most widely used high school biology 
textbooks (BSCS green, BSCS yellow, and Modern Biology); four possible sources 
of n-fisconceptions and learning difficulties were identified: conceptual 
organisation, particularly sequencing of topics; conceptual relationships; use of 
terms; and mathematical elements. 
From students' lack of fon-nal operational thought or relevant cognitive processing 
characteristics. Some researchers have suggested that formal operational thought 
is implicit in much of science education (Shayer and Adey, 1981; Lawson and 
Wollman,, 1976). More specifically, it has also been suggested that some science 
concepts require students to be operating at the highest Piagetian level of diinkirýg 
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in order to develop complete understanding. Partial understanding was thought to 
be a reflection of the students, understanding of some concrete aspects of the 
whole concept (Shepherd and Renner, 1982). From this mismatch between 
cognitive demand of the concept and the operational stage of the student, 
misconceptions can arise (Gabel, 1989). For example, to handle stoichiometric 
calculations successfully, students must relate three variables: the mass, the molar 
mass and the number of moles. Many students simplify their calculations by 
considering only two variables and end up with incorrect answers (Schmidt 1987). 
From lack of an adequate conceptual fiamework. As discussed by Krajcik (1991) 
the fact that chemistry students often learn isolated facts without integrating them 
into appropriate frameworks mean that misconceptions often arise from 
misapplication of facts in wrong contexts. Studies by McDermott (1988), 
Gorodetsky and Gussarsky (1987) and Cachapuz and Martins (1987), demonstrate 
the existence of these kinds of ACs (see section 2.4.4.1 B). 
From concept interference. As mentioned in the preceding section, the context in 
which a concept is embedded provides a parameter for understanding by the 
student. The fact of students holding isolated fragments of ideas or holding ideas 
in a wrong context means that according to a constructivist view of learriing, more 
ACs or misconceptions are likely to be generated as incoming formal 
science/chemistry ideas are assimilated or subsumed into the wrong cognitive 
structure. "Concept inter-ference is a situation that occurs when the correct 
application of a concept by a student is hindered because of his/her misuse of 
another concept" (McDermott, 1988 p. 539). 
From teachers and student teachers - Friedler, Amir and Tamir (1985) found that 
serious misconceptions exist among student teachers with respect to basic concepts 
such as solutions, solubility, particulate nature of matter and molecular movement; 
in spite of the fact that these teachers reported that they had studied, and had 
achieved a high level of understanding of all these concepts. Gabel et al. (1987) 
reported on the lack of high level understanding of the particulate model of matter 
among 90 prospective teachers' (54 or 60% had completed a course in high school 
or college chemistry). That misconceptions could arise as a result of instruction 
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has also been suggested by other researchers (e. g. Osbome and Cosgrove, 1983; 
Fisher, 1985; Bar, 1990; Bar and Travis, 1991; Griffiths and Prestorý 1992). 
As suggested by Nisbett and Ross, 1980, another source of ACs is what is termed 
the "Vividness criterion" - This is the tendency to try and apply recently discussed 
ideas to the presently discussed idea because they are fresh in our minds. This t)W 
of ACs are more likely to arise when the student cannot develop or recall a 
conception which could explain the phenomenon presented. Faced with the task 
of having to provide an explanation, the student uses one available in the short 
term memory. 
Thus, ACs or misconceptions generate more mistakes because they are incorrect 
representations of conceptual relationships (Strike, 1983). This means that a student's 
preconceptions or existing ACs hinder effective concept learning in the ftiture. This has 
been shown in a number of studies (e. g., Cachapuz and Martins, 1987; Schultz et al. 
1987) 
According to Pines and West (1986), the sun total of ACs and frameworks developed and 
used by learners to help them make sense of the world could be termed "personal 
knowledge" or "spontaneous knowledge"; as opposed to "scientific knowledge" or "formal 
knowledge". Parents, friends, teachers, books, television, movies, and cultural norms, and 
mores all contribute to the construction of personal knowledge. Most students learn 
scientific knowledge distinct from their personal knowledge and, as a result fail to develop 
integrated conceptual understandings of ftmdamental scientific concepts, and develop 
instead, various ACs- 
2.3.2 ISSUES RELATING TO CONSILSTENCY OF ACs (OR STABILITY OF ACs) 
ACROSS TASK CONTEXT 
The problem of student inconsistencies is also well-known to teachers who often complain 
that their students, performance on mathematical and scientific tasks seems to be 
inconsistent. 'fhat is to say, a student may succeed in a given task, but fail completely in 
another very similar task. The consequences of this is that simple 
diagnosis of 
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Performances in connection with one task only does not provide clear-cut adequate 
information of students' difficulties and, hence, cannot lead to effective remediation 
(Eylon, Ben-Zvi and Silberstein, 1987). 
Mishler (1979), Lim (1983) and Vvhte (1985,1988) emphasised the importance Of 
context in psychological and educational research. The issue of apparent inconsistencies 
in performance has been raised in various domains of research involving human cognition. 
Examples of science education research which suggest that students' performance on a 
task or problem is influenced by the context or phenomenal setting are Jungwirth & 
Dreyduss (1979), Foxman et al (1980), Kerslake (1986), Clough, Driver and Wood- 
Robinson, (1987) and Schofield et al (1989), Song and Black (1991); this last named 
study, found that childrens' skills of interpretation and application are not transferable 
across different contexts. 
The dependency of thinking skills on the context of the tasks has provided a powerful 
argument for those who questioned the usefulness of Piagetian stage theory as a model 
for learning (Brown and Desforges, 1977; Driver, 1978). 
At the same time, there are researchers such as Pascual Leone et al (1978) who have 
argued that many of the apparent inconsistencies can be accounted for by careful analysis 
of the various tasks involved, and taking into consideration such aspects as short term 
memory load, field factors, etc. Another example is provided in the series of investigations 
by Brown and Burton (1978) and Burton (1981) who sought to explain mistakes made by 
children in addition and subtraction tasks in ternis of relatively simple 'bugs' (structural 
errors) in children' s procedures. 
in the area of misconceptions, the issue of consistency had also been raised (Engel, 1982; 
Driver, 1985; Solomon and Black, 1985). For example, Engel (1982) in an attempt to 
examine whether a particular response is being activated by some idiosyncratic feature of 
the task context or whether it reflects a more global fi-arnework, has exan-dned the 
consistency with which responses are given across a set of equivalent tasks. She found 
that the proportion of students using various fi-arneworks across the set of equivalent tasks 
on heat and pressure was relatively stable, indicating that the ways in which a group of 
students of a certain age may conceptualise a t)W of problems are predictable to some 
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extent. There was also evidence for consistency in the use of scientists' views as well as 
alternative frameworks at the individual level; although the consistency in the use of 
alternative frameworks were more evident in phenomena where there were a limited 
number of alternative frameworks and where these were intuitive in nature. 
Solomon and Black (1985) in a study on pupils' conceptions about electricity, showed that 
pupils' ideas are based on their everyday experience, and that these ideas are diverse, and 
often contradictory. Leach et al (1992) found that many pupils do not apply ideas 
consistently in different contexts; for example, some pupils thought that nutrition for grass 
and nutrition for trees different. BouJoaude (1991) reported that students' ideas about 
burning were fragmented and inconsistent. Palmer (1993) found that most students were 
unable to consistently apply either their own alternative conceptions or the correct 
scientific response. He reported, as did Clough and Driver (1986), that students appeared 
to have a general problem in recognising similarities between contexts, even when the 
contexts were closely related. 
Vosniadou and Brewer (1989) reported that the majority of the children studied by them 
were rather consistent in the way they used their conceptions. Prieto, Watson and Dillion 
(1993) suggest that many apparent inconsistencies in pupils' thinking disappear when their 
ideas are categorised in multiple dimensions and that most pupils are consistent in 
applying their alternative frameworks. 
As suggested by Driver (1989), it is still an open question whether students' ACs are 
genuinely "theory-like". i. e., having a coherent internal structure and being used 
consistently in different contexts. 
Furthen-nore, researchers like Bar and Travis (199 1) have shown that the fonTiat of testing 
can also affect the consistency or otherwise of students' ACs. They showed that when 
multiple-choice items are used to determine students' conceptions, and when one or more 
of the distracters seem 'scientific' i. e., contain physical and chemical terms, then the 
distracters tend to be more frequently selected. However, if the multiple-choice test is 
replaced by more open questions, then different responses are given by students. For 
example, they found that 75% of their subjects said that water vapour is made of water 
in an open-ended oral test whereas the percentage dropped significantly in a multiple- 
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choice test, where distracters, such as 'water is changed to hydrogen and oxygen' tend to 
be selected. 
2.3.3 ILSSUES RELATING TO STABUM OF ACs OVER TIME (OR PERSISTENCE 
OF ACs) 
There is evidence that some ACs are resistant to instruction even when the teaching has 
been specifically restructured to address them (Nussbaum and Novick 1982; Gunstone, 
Champagne and Klopfer, 1981; Champagne et al., 1981; Moreira, 1987). 
A number of different reasons have been suggested for the persistence of ACs. These 
include: 
Positive feelings and low cost of holding on to ACs - as suggested by Gowin 
(1983); one of the reasons why ACs are persistent might be that students feel 
comfortable with them and that there is low cost involved in holding on to them. 
Functionality or usefulness to the student -A misconception or AC can persist 
because it represents ftmctional meaning for the person who holds it (Novak and 
Gowin, 1984; Moreira, 1987). Although this meaning is a contextually 
unacceptable interpretation of the concept, it allows the learner to make sense of 
new knowledge in his/her own way or cognitive framework thus mmmsing 
cognitive dissonance (Novak and Gowin, 1984; Posner, 1983). 
Gilbert, Watts and Osborne (1982), and Osborne and Cosgrove (1983) suggest that 
among other reasons, one reason why scientific views seem not to prevail over 
students' naive views is because scientific views are not relatable to everyday 
experience. They report that older students can hold very similar views to younger 
ones, in spite of their greater exposure to formal science instruction, because they 
utilised the additional science knowledge to support their naive views. For 
example, the particulate model for many students implied that liquids would be 
less dense than solids, yet the only example of a liquid/solid change with which 
they are familiar defies the implication. 
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Coexistence with orthodox scientiflc views - As described by Head and Sutton 
(1985), and Pines and West (1986), some of the reasons why ACs persist in spite 
of formal science instruction is that the scientific views could be seen as irrelevant 
or useless and are rejected by students; in cases where formal science is perceived 
to be useful in the classroom contexts and for passing tests and examinations, 
formal science knowledge is rote-compartmentalised so that it coexist with 
students' preconceptions or ACs. The coexistence of conflicting scientific views 
and intuitive views has been reported by Gilbert, Osborne and Fensham, 1982) and 
also demonstrated by Gunstone and VAýiite (198 1) with physics students who were 
able to solve physics problems using algorithms based on theories which clashed 
with the students' own naive theories. Gunstone and Vvbite also describe how, in 
the same sample of first year university physics students, a majority of students 
predicted that if two balls of unequal weight were held in front of them and 
released instantaneously then the heavier ball would reach the ground first because 
"heavier things have a bigger force". 
In chemistry, similar fmdings are revealed in studies such as Carter and Bodner (1987) 
where many students were found to "believe that chemistry is handed down by authorities 
and that they are not capable of understanding or discovering this knowledge" (p. 70). 
Under such situations, students begin to accept algorithms presented to them at face value, 
without attempting to understand the underlying meanings and their links to other related 
concepts. Instead, they "view chemical knowledge as a series of rules without reason" (P. 
70). This means that students who use some particular knowledge or strategy in one 
context will not necessarily use it in another related context since they fail to recognise 
the connection or lack the underlying understanding. The result is persistence of ACs in 
spite of formal instruction. 
2.4 OVERVIEW OF STUDIES IN CIENMTRY 
compared to studies in physics and biology, there are fewer studies on students' 
conceptions in chemistry reported in the literature. From the bibliographies of Pftmdt and 
Duit (1991) and of Carmichael et al (1991) it appears that within chemistry, besides the 
particulate model and its related topics such as states of matter including solutions and 
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suspensions, (which are of interest to this study and are discussed in section 2.4.2 below), 
the major areas of research have been concerned with the mole concept (e. g., Anamuah- 
Mensah (1986), Anamuah et al. (1987), Dierks (1981), Gabel and Sherwood (1984), 
Graham (1983), Griffiths et al. (1988)) and chemical equilibrium and kinetics (e. g., Batt 
(1980), Hackling and Garnett (1986) Laidler (1988), Moe and Cornelius (1988), Maskill 
and Cachapuz (1988), Olney (1988), Gussarsky and Gorodetsky (1990), Kozma and 
Johnstone (1990), Baneýee (1991)). 
2.4.1 STUDENTS' CONCEPTIONS AND UNDERSTANDINGS OF 'ME 
DUTERENCES BETMIN CIIEMICAL AND PHYSICAL CHANGES 
Pella and Welker (1967) in a study which investigated the effectiveness of two methods 
of teaching the concepts of physical and chemical change to elementary school children, 
report among other things, that the concepts of physical and chemical change should not 
be included in the elementary curriculum below grade 6. 
Stavridou and Solornonidou (1989) in a study involving 15 Greek students, aged 8-17 
years (among whom are one 16 year old and one 17 year old), report, among other things, 
that students were not able to distinguish between physical and chemical change. They 
report that some students consider chemical changes as irreversible, while physical 
changes are reversible. Among other things, the authors infer that the concept of substance 
(or compound) has not been grasped by the students since none of them use identity 
conservation or change of identity of substance as a criterion to distinguish physical and 
chemical changes. One problem with this study is the wide age range covered and the 
small number of students aged 16-19 involved, which renders it very difficult to make any 
reasonable inference. 
'fhat secondary school students (aged up to 15) have difficulties appreciating that in a 
chemical reaction, the properties of the starting substance(s) are not conserved has been 
report by De Vos and Verdonk (1985ab; 1987ab), Briggs and Holding (1985), and 
Vogelezang (1987). 
In addition, there are many studies which report that students often confuse physical 
42 
changes (such as boiling, evaporation, condensation and melting, expansion on heating) 
with chemical changes (Osborne and Cosgrove, 1983; Driver, 1985; Mehuet et al., 1985; 
Stavey and Stachel, 1985; Andersson, 1986a; Donnelly, 1988; Bar, 1990; Bar and Travis, 
1991). 
Some of these studies fijfther suggest that these kinds of students' confusions could be the 
result of fonnal. instruction (eg Osborne and Cosgrove, 1983; Bar, 1990; Bar and Travis, 
1991). 
Ribeiro et al. (1990) report that fourth year university chemistry students tend to use the 
everyday understanding of the term "reaction" instead of the chemist's understanding. This 
indicate that everyday usage of terms could be a source of problems to students' learning 
about chemical changes. 
2.4.2 STUDENTFUNDERSTANDINGS ABOUT THE PAMICUILATE NATURE OF 
MATTER 
71he atomic model or the particulate model of matter provides a necessary foundation for 
understanding other chemistry concepts, including that of chemical reaction. Indeed, an 
understanding of the particulate model is fundamental to understanding the mechanism of 
chemical reaction. To explain and predict chemical reactions, phase changes, the Gas 
Laws, the nature of dissolving and solutions as well as numerous other chemistry 
concepts, students must have an integrated understanding of the model. 
A number of studies indicate that students at all levels have difficulties understanding the 
model, some of which suggest that lack of formal reasoning ability could be a contributing 
factor (eg Gabel, 1989; Samuel and Hunn, 1987; Shepherd and Renner, 1982). 
Studies on primary school children (eg Pella and Carey, 1967; Doran, 1972) show that 
pupils have a continuous view of matter even in spite of specific instruction. 
other studies (eg Novick and Nussbaum, 1978; Kirscher, 198 1; Selley, 198 1; Prieto et al., 
1989; Abraham et al., 1992) report on the difficulties that early secondary school pupils 
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(aged II- 14) have in grasping the particulate model when it is specifically taught to them. 
The persistence of the continuous view of matter among older secondary school students 
(up to age 15-16) and the tendency of students to treat the microscopic world as merely 
an extension of the macroscopic world have been reported in numerous studies (eg Brook, 
Briggs and Driver, 1983; Andersson, 1986a, 1990; Ben-Zvi, Eylon and Silberstein, 
1986a, b; Renstrom, 1988; Krajcik, 1989; Andersson, 1966a, 1990). 
That students who have even more formal science instruction, ie senior high school and 
university students, also have difficulties with various aspects of the particulate model of 
matter have also been reported (Novick and Nussbaum, 198 1; Griffiths and Preston, 1992; 
Hesse and Andersson, 1992; Nakhleh, 1992). 
Sin-filar links have been made between the difficulties many students have in 
understanding the nature of chemical reactions and their lack of understanding and/or 
misconceptions about various aspects of the particulate model of matter (eg Andersson, 
1986a, 1990; Ben-Zvi, Eylon, Silberstein, 1986a, 1987; Abraham et al. 1992; Hesse and 
Anderson, 1992). 
Vogelezang (1987) identifies both the need to introduce pupils early to the nature of 
substances in terms of atoms and molecules, and the problems of early introduction based 
on too simplistic models which then leads to confusion later when revised models are 
introduced which superficially conflict with the earlier ones. 
2.4.3 CIJEWSTFUNDERSTANDING OF CHENUCAL REACTIONS 
Chemists' understanding of chemical reactions are embedded in a conceptual framework 
which has been constructed through their active differentiation, integration and structuring 
of concepts about the nature of substances and chemical change over time via a variety 
of experiences. 
To the chemist, a chemical equation, which is a symbolic representation of a chemical 
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reaction, does not just consist of symbols written on paper or chalkboard. Rather, it 
represents a wealth of integrated understanding that includes mental models and physical 
phenomena. 
Ben-Zvi et al. (1987) present a task analysis depicting the wealth of integrated 
understanding needed in order to make proper sense of a relatively simple equation such 
as 2H2(g) + 02(g) -> 2H20(g). When a chemist sees the equation for the combustion of 
hydrogen, the following understanding would probably be triggered: 
The structural aspects of a chemical reaction. 
The chemist's understanding that the chemical symbols represent molecular species 
is activated. In the given example, the symbols 02 and H2 each represent a 
molecule of two specific elements, each with two atoms of the same element 
chemically bonded together. Ihe formula 'H20' represents a molecule of a 
compound with two O-H bonds. To the chemist, the symbol '(g)' means that the 
elements and the molecular compound are in the gaseous state and consists of 
many particles in constant random motion. 
The interactive aspects of a chemical reaction. 
The chemist understanding that a chemical reaction is a process of bond breaking 
and bond making is triggered. In the given reaction, the bonds in each molecule 
of H2and 02must break and new bonds between the 0 and H atoms must form. 
The dynamic aspects of a chemical reaction. 
The chemist's understanding that a chemical reaction is a time-dependent process 
involving a dynamic interaction of many particles is activated. 
-fhe quantitative aspects of a chemical reaction. 
The chemist's understanding of the quantitative aspects of a chemical reaction is 
activated. In the given reaction, two moles of 142react with one mole of 0, to form 
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two moles of H20. 
In addition, a chemist's understanding of the energy aspects of the reaction would 
Probably be triggered. Hydrogen (H2) and oxygen (02) are at a higher energy level and 
will release enervy when the atoms recombine to form water (H20). Some chemists would 
probably also visualise the kinetic aspects of the reaction. The physical properties of the 
reactants and products are also integrated into the chetnist's understanding of the reaction 
(Krajcik, 1991). 
2.4.4 SIIJDENIS'CONCEMONS OF IM NATURE OF CUMCAL REACIIONS 
2.4.4.1 TIHEWHAT, THE HOW AND TIHE"W OF CUEMICAL CHANGE 
(Aý 
V IV THE'WHAT ASPECTS OF CHEMCAL CHANGE 
Studies (eg Frazer, 1982; Gabel et al. 1983; Lythcott, 1990; Gabel, 1989) show that 
students can produce correct answers (to various kinds of problems such as those 
involving chemical stoichiometry) but their understanding of the underlying chemical 
concepts are lacking. This indicate that students could appear successful without achieving 
real understanding. 
(B) ENERGY CHANGES ASSOCIAIED WITH CHEMCAL CHANGE 
Cros et al. (1986) report that the majority of the first year university students studied by 
them have poor understanding of the energy changes associated with neutralisation 
reactions. 
De Vos and Verdonk (1986) reported on the difficulties students have in classifying 
chemical reactions as exothermic or endothermic. They 
found that some students 
incorrectly referred to the burning of candle as endothen-nic since heat was needed to light 
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it. They suggested that to define burning as exothermic requires a semi-quantitative 
approach in which the amount of heat needed for lighting is compared with the amount 
of heat produced by the candle as it burns. They found that not all students could make 
that comparison. Also, the constant temperature of the burning candle misled them into 
thinking that no heat was produced because they confused heat with temperature. These 
students also inferred that the burning of copper is endothermic because the oxide was 
formed only when copper was heated. 
Cachapuz and Martins (1987) found that many of the students studied by them held ACs 
about energy changes. Among these, was the view that chemical change simply involves 
a transfer of energy existing between the water molecules, the "non-bonding" energy to 
the bonds being fonned. in the solution and the resulting temperature of the water 
depended on the amount of "non-bonding" energy left. Thus, it appeared that the students 
had applied the principle of conservation of energy which they leamed in a physics class 
to an mappropnate contexts; and they had not appreciated the energy changes which occur 
at the microscopic level. 
Cohen and Ben-Zvi (1992) suggest that misconceptions can develop among high school 
students learning the concepts of chemical energy as a result of problems associated with 
understanding the meaning of the relatively huge number of abstract concepts such as 
heat, energy, temperature and bond energy. They also suggest that the molecular-level 
explanation needed to understand these concepts as well as the other fort-nal concepts such 
as standard conditions, standard heat of formation are not easy for most students. 
(C) THE PROCESS ASPECTS OF CHEMICAL CHANGE 
The study by Novick and Nussbaum (1978), mentioned earlier suggests that one reason 
why many grade 8 Israeli students studied, have difficulty in grasping the concept of 
chemical reaction, is that in spite of specific instruction, they have not abandoned the 
continuous view of matter or have adopted a distorted particulate view of matter, such as 
a static view of particles. 
Research by Ben-Zvi and her colleagues (1982,1987) show that students (aged 15 years), 
47 
have difficulties appreciating many particles and the dynamic aspects of chemical 
reactions. Their view of chemical reaction seems to be an additive rather than an 
interactive one, ie they visualised chemical reactions as a process of addition or gluing, 
of reactants to form products, rather than as a process of bond breaking and bond making 
involving many particles. Thus a molecule of a compound is not viewed as a new entity 
but rather as a mixture of its constituents. For example, when H2 reacts with 02, the H2 
adds to the 02. Bond breaking in H2does not occur. 
D- 
Research by Yarroch (1985) supports the fmdings of Ben-Zvi and her colleagues. He 
found that although all the students could successfully balance the equations, many show 
little understanding of what they were doing. 
'Ihus it appear that while chemical equations trigger integrated understanding in chemists, 
they do not have the same effect on students, not even on those who seemed to have 
mastered the competence to manipulate them. This leads researchers like Krajcik (1991) 
to deduce that some students visualise the chemical equation as a mathematical puzzle 
rather than symbolising a dynamic and interactive process. 
That students have difficulties understanding chemical bonds and bonding have also been 
reported. Peterson, Treagust and Garnett (1986) report, among other things, that students 
(grades 11 and 12) have the misconception that intrarnolecular covalent bonds (instead of 
intermolecular bonds) are broken when a substance changes phase. This confusion 
between intra- and inter- molecular bonds is also found among Thai first year university 
students (Kiokaew, 1989). 
Butts and Smith (1987) report that students are confused between ionic and covalent 
bonding and structures. Ten of the 26 students (year 12) students studied by them refer 
to molecules in solid sodium chloride; some also conceptualise the sodium and chlorine 
atoms as being held together by covalent bonds. Only 4 students are reported to 
demonstrate a clear understanding of the three dimensional lattice structure of sodium 
chloride. 
Sinjilar confusions are reported by Taber (1994), of students at the begh-ling of an A- 
level course. He summarises the students' alternative fimneworks in the fonn of 3 
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conjectures that students make: 
The valency conjecture: 
The atomic electronic configuration determines the number of ionic bonds formed. 
E. g., a sodium atom can only form. an ionic bond to one chlorine atom. 
The history conjecture: 
Bonds are only fortned between atoms that donate/accept electrons. E. g., in sodium 
chloride a chloride ion is bonded to the specific sodium that donated an electron 
to that particular anion, and vice versa. 
The just forces conjecture: 
Ions interact with the counter-ions around them, but for those not ionically bonded 
these interactions are just forces. E. g., in sodium chloride, a chloride ion is bonded 
to one sodium ion, and attracted to a fiirther five sodiw-n ions, but just by forces, 
not bonds. 
Cros et al. (1986) on a study involving first year university students report that students 
have poor understanding of the interactions of atoms and molecules, as well as aspects 
related to structure of crystals. 
(D) DRfVING FORCE OF CHEMCAL CHANGE 
That 8th grade students have difficulties appreciating that chemical reactions are not 
caused by external interventions such as heating has been reported by Novick and 
Nussbaum. (1978). The findings of the study by Ban-al et al. (1992) also show that some 
of the students (aged 15-16) had the same belief Brosnan (1992) also suggests that 
students often view chemical change differently to the chemist. While the chemist views 
chemical change as the result of interaction between equal partners, students often vie,, N- 
it as being caused by an active agent acting on passive substances. Andersson (1986b) 
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fimther suggests that this view of an active causal agent is related to the students' everyday 
life - the experiential gestalt of causation (EGC). 
That older students (aged 16-18) who have had more formal chemistry also have 
difficulties understanding the thermodynamics of chemical reactions has been reported by 
Johnstone, MacDonald and Webb (1977). 7hey report that these students have the 
misconception that endothen-nic reactions cannot be spontaneous; and that all reactions 
which occur naturally (ie without overt application of heat) are exothen-nic. 
That yet older students (fourth year university chemistry level) also have problems 
appreciating the thermodynamics of chemical reactions has been reported by Ribeiro et 
al. (1990). They report that these students do not use concepts of free energy when 
discussing issues related to the spontaneity of some common chemical reactions. Instead, 
everyday notions are used. This study highlights the dominance of perceptual thinking 
among students who have had so many years of background and training in chemistry. 
2.4.4.2 ON DHWERENT TYPES OF REACIIONS 
tAý 
11.1 IL. 1 COMBUSTION REACTIONS 
Up till now most of the studies on students' conceptions of chemical reactions revolve 
around this specific type of reaction - combustion. Among the studies which examined the 
students' conceptions of combustion, before and after instruction, are Knox (1985), and 
Mehuet, Saltiel and Tiberghien (1985); both involving 11-12 year olds. Prior to 
instruction, the majority of students in both studies have what Driver (1985) deemed as 
'prototypic, ideas about burning, i. e. burning involves a flame; products are smoke and an 
incombustible material known as the ash; the change is irreversible; and oxygen/air is 
needed, but its role is unclear or unknown. 
After specific instruction which includes the concept of interaction between oxygen and 
the combustible material, both studies report that students are still unable to grasp the role 
of oxygen in combining chemically with the combustible material. Instead, they still show 
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evidence of the use of perceptual thinking instead of conceptual thinking. 
Further evidence of the use of perceptually dominated thinking in interpreting combustion 
reactions is reported by BouJaoude (199 1) and Abraham et al. (1992); where the majority 
of the students studied see candle wax as merely melting and not burning. 
Hesse and Anderson (1992) in a post-instruction study on older students (aged 16-19) 
report that the majority of the students use everyday or prototypic notions about buming 
instead of the scientific concepts. 
Most of the studies on combustion include a concem with ideas of conservation of mass. 
This concept of conservation of mass is related to students' understandings of the concept 
of interaction between particles of reactants. 
A written question about the burning of -iron wool was given to the students in the Knox 
(1985) study mentioned earlier as well as to a group of 15-year-olds (n---765) as part of 
the APU survey (Driver et al., 1984). Results showed that only about 25% of both age 
groups predicted that the iron wool would become heavier after heating in air, and of 
these only a few gave the acceptable reason that oxygen from the air has combined with 
the iron. In the same survey with respect to a question about the rusting of iron, only 
about a third of the 15-year-old students predicted that the weight would increase, of 
whom only a minority give the correct reason that oxygen from the air has combined with 
the nails to fon-n the iron oxide or rust. 
Likewise, 9 out of the II students (aged 15-17) in the Hesse and Anderson (1992) study 
also reached incorrect conclusions about the mass of the products of rusting, burning of 
copper and burning of a wood splint because they failed to understand the nature of the 
chen&al interaction and hence the conservation of mass involved. Instead they used 
reasoning that is more appropriate for physical changes (such as regarding rusting as a 
sort of "change of state" of the iron; nothing was lost and nothing was gained. ) 
J, ack of understanding of chemical interaction and conservation of mass were also 
reported among university chemistry students. Bodner (1991) in a questiomaire study on 
chemistry graduate students reported that about 10% of the respondents thought that when 
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an iron bar rusts, its weight decreases for reasons other than loss of rust. 6% think that 
the weight would remain unchanged, while 81% reason correctly that the weight would 
increase as long as the rust was not scrapped off the bar. 
Similar problems among teachers are reported by Lawrenz (1986). r1he instrument used 
is a written test, comprising 31 multiple choice items on various topics in physics and 
chemistiry. Only 36% of the 333 elementary school teachers think that when iron 
combines with oxygen to form rust, the rust would weigh more than the iron it came 
from. 
D- 
Ross (199 1) reported a survey of people's views about burning in which no specific details 
were given of the nature of instrument used or the context or the sample involved other 
than that it included various groups of people such as firemen and people with strong 
science backgrounds. He reported that burning is often seen either as destructive or similar 
to evaporation and that oxygen, if mentioned at all, is usually seen as a "helper" rather 
than as a reactant and flames are seen as the active agent of destruction. It was a pity that 
no mention was made in the report on the nature of the context of the study and the 
composition and size of the study sample so that more useful inferences could be derived. 
(B) REACUONS IN SOLUUON - REDOX AND PRECIPITAUON 
Studies by Prieto et al. (1989) and Ribeiro et al. (1990) show that both younger students, 
aged 11-14, and older university fourth year students respectively do not appreciate the 
role of solvent (water) in chemical solutions. They report that students tend to ignore the 
presence of water or to assume a "passive" role for it. 
Schollum (1982b) reports an interview study (40 pupils, aged 10-19) where solutions of 
sodium chloride and lead nitrate were mixed together to fon-n the precipitate of lead 
chloride. Only 5 students (aged 16-19) included the word 'precipitate! in their responses 
when asked what they considered had happened. She also reported that 10 students saw 
the precipitate as a new substance, but only I (form 7) held the scientist's view of the 
mechanism involved. The rest of the students either saw the lead nitrate and sodium 
chloride a having simply settled out of the water separately without interacting in any way 
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or as having joined together in some way and settled out without fort-ning any new 
products. 
In a similar study, Nusiýan and Fensham. (1987) reported that although most of the 30 
senior secondary school Indonesian students interviewed by them predicted that a 
chemical reaction would occur if aqueous barium nitrate is mixed with aqueous sodium 
sulphate, only 8 identified the products in chemist's terms. None of them referred to the 
concept of particles when probed on the process involved. 
In another study, Butts and Smith (1987) report that the 26 chemistry students (year 12) 
studied by them generally had a better conception of the structure of a solid than they did 
of the corresponding aqueous solution, especially in the case of sodium chloride. They 
also report that the belief that all ionic compounds are soluble is prevalent; and that the 
actual process of dissolving, the role of the polar water molecule, seems to be poorly 
understood. In the same study, students were asked to account for the formation of a 
precipitate when aqueous sodium chloride was added to aqueous to silver nitrate. Only 2 
of the students were found to relate the formation of the precipitate to the low solubility 
product of silver chloride. The researchers infer that precipitation from a mixture of ionic 
compounds is a phenomenon students found difficult to explain. 
Gamett and Treaguest (1992), in an interview study which includes probing the 
understandings that 32 students (grade 12), report, among other things, that a number of 
the students held misconceptions about oxidation numbers, and also about redox reactions 
such as thinking that oxidation and reduction reactions can occur independently of each 
other or in isolation. 
(C) STUDENTS'ENPLANATORY MODELS OF CHEMICAL REACUONS 
Pfundt (198 1) reports on the results of interviewing students (grades 2-7, aged 8-13 years, 
n---lo) on their pre-instructional conceptions of the nature of chemical reactions. She 
suggests the following categories of conceptions: 
The conception of an irreversible destruction of substances 
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The conception of an irreversible changing of properties of lasting 
substances 
The conception of a reversible changing of properties of lasting substances 
The conception that substances with all their properties continue to exist, 
that they are merely distributed or mixed or separated. 
Another different set of categories on students' conceptions of the nature of chemical 
reactions has been suggested by Schollum (I 982b), after interviewing 40 secondary school 
students, the majority of whom are in fort-n 4 and below (with only six form 6 students): 
The conglomerate conception. All substances that react collect together 
like needles to a magnet. 
The conception of Tavourable circumstances' (or'the bear in the cave'). The 
products of chemical reactions have been there all the time, though hidden, 
but when the conditions are right they appear. 
Magic. Anything can happen in chemistry. 
Mehuet, Saltiel and Tiberghien (1985) after studying students' (aged 11-12 years) 
conceptions of the nature of a specific t3W of chemical reaction, namely, combustion 
suggest that there are 2 basic conceptions: 
* r1he conception of combustion as involving a temporary (and reversible) 
change, i. e. the combustible material has merely undergone some change 
of properties and the product of combustion is the same as the combustible 
material. 
* 'Ihe conception of combustion as involving a pennanent and irreversible 
change, i. e. the product is different from the combustible material. 
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Given that the pupils studied by Pfundt (1981) and Mehuet et al. (1985) had little formal 
chemistry instruction, it seemed hardly surprising that their conceptions of chemical 
change were so contrary to the chemist's view. In the Schollurn study, because there were 
only six fon-n 6 students involved, it was difficult to derive a reasonable view of how 
these students' conceptualise chemical change. 
Andersson (1986a) in a review-curn-synthesis of studies carried out to-date on students, 
explanations of chemical reactions which is regarded by many researchers as a landmark 
study in the area of perception of chemical reaction comments on the paucity of research 
in this area at that time. Of the few studies that had been done, the focus is on the 
conceptions of students (aged 10-15 years), during which period these students meet 
chemistry for the first tune. Based on the fmdings of studies that have hitherto been 
carried out, viz. Andersson and Renstrom (1981), Schollum (1982b), Pfimdt (1981)5 
Mehuet, Saltiel, Tiberghien (1985) he suggests a scheme for categorising the variety of 
pupils' explanations of chemical reactions. He has developed his scheme based on those 
proposed by Pfundt (1981), Schollum. (1982b) and Mehuet et al (1985). FEs 5 categories 
are: 
tAý 




(E) Chemical interaction 
The first category, which Andersson (1990) renamed as'Disappearance', is no explanation. 
Displacement means that a substance appears at a given place simply because it has been 
displaced, such as the paint on the wall coming from a pot. Happs (1983) after studying 
New Zealand students reports that "children believe matter can disappear in chemical 
reactions". Modification means that what appears to be a new substance is in actual fact 
the same substance as before, albeit in a modified form, such as saw-dust is wood 
modified by sawing. Transmutation means that a given substance is transformed into a 
new one, such as iron changing into carbon. 
Andersson (1986a, 1990) also suggests that this scheme of categories are applicable to 
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students' conceptualisations of the microscopic world of atoms and molecules, since 
students do not regard the microscopic world as different from the macroscopic world. 
Prieto, Watson and Dillon (1993) conducted a questionnaire survey of 300 English and 
Spanish students (aged 14-15 years) and produced, among other things, results which have 
led them to refine Anderssods scheme of 5 categories. In their scheme, category (A) 
'Disappearance! in Anderssods scheme is regarded as a limiting form of category (D) 
Transmutatiod where the substance is transmuted to nothing. Category (B) 
'Displacement' is omitted based on the fact it does not fit any of their data. A new 
category 'Description' (D) is added to capture the lowest level of students' responses, 
which are mere descriptions and offer no explanations. Thus, their model comprises four 
categories/levels of understandings, namely, 'Description' , Modification' (M), 
Transmutation' (1) and'Chemical reaction' (C). 
r1he work of Andersson (1986b, 1990) and Prieto, Watson and Dillion (1993) did not, 
however, reveal how the effect of firther fon-nal chemistry instruction at an Advanced 
level would have on the conceptions about chemical reactions/combustion of students aged 
16 and below. Moreover, the categories delineated by them would not, in this researcher's 
view be adequate in representing the conceptions of A-level students which would 
generally be in the highest category. 
CONCLUSION OF TFUS SECTION 
r1he overall picture presented by studies in this section is that there is a variety of 
alternative conceptions about the nature of chemical reactions among students (aged 11 - 
16), and that the majority of these are at variance with the scientists' notion of interaction 
between particles of reacting substances. The review also shows that the vast majority of 
the studies conducted thus far pertain to students aged 16 and below. Some of the 
difficulties faced by these students include problems in grasping the particulate model of 
matter and the nature of substances, as well as understanding the interaction of particles 
of substances during chemical reactions. 
Some pertinent questions are, 'Do A-level students, ie. those who have undergone a 
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reasonable level of chemistry instruction and who have chosen to specialise in the subject 
also face similar difficulties in conceptualising the nature of chemical reactions? if so, 
can anything be done to address these difficulties? ' Ihere seems little research, especially 
of the ethnographic or phenomenographic t)W, which is focused on the understandings 
that students at this particular level have, in relation to the bond breaking and bond 
making processes, and driving forces involved in chemical reactions. 
Thus this present study is precipitated by the fact that there is as yet insufficient insight 
available in the literature on the range and nature of students' (especially at A-level or 
equivalent grade) difficulties and misconceptions about a fimdamental area in chemistry - 
that of the nature of chemical reactions, what they involve, how and why they arise. 
2.5 METHODS OF ELICITING STUDENTS' CONCEPTIONS IN 
SC71FNCYJCIIENIISTRY 
Any instrument used to measure students' conceptions needs to be valid, reliable, 
sensitive and sensible or practical according to the resources and constraints of the 
research programme in which it is used. 
The main techniques used to elicit data in studies on students' conceptions are: 
Tk Mvidual Inteiview Nkthod: The method first used by Piaget m his 
embryonic studies with young children, and refined by several researchers (Pines 
et al., 1978; Osborne and Gilbert, 1980; Watts, 1981) is flexible and sensitive but 
time-consuming, hard to standardise and score, and requires substantial training 
(Fenshan-4 Garrard, West, 1981). 
Witten Test: This is time efficient but has inherent concept label/concept 
experience problems. There are vanations of this; some have a multiple-choice 
format (Linke and Venz, 1978,1979; Helm, 1980; Trembath, 1984; Hallom and 
Hestenes, 1985) and others comprise a two-tier type structure (Treagust, 1988) 
whilst prieto et al (1989) describe 'free-writing. The work by Tamir (1971) was 
among the first of its kind in incorporating as distracters in multiple-choice items 
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students' nusconceptions found through essay and other open-ended questions. 
A good example of the two-tier type written test is that reported in Treagust 
(1988) which is constructed to assess content knowledge and rationale. The first 
part of each item is a multiple choice content question with two to four choices. 
The second part consisting of a set of four possible reasons for the answer given 
to the first part, was developed from students' responses previously elicited through 
interviews or from information in the literature. This instrument however, also 
suffers from concept label and language problems. 
Concept Maps: This technique has its origin in research concerned with 
investigating changes in students' understanding of science concepts over a 122- 
year span of schooling (Novak and Musonda, 1991) and since then has been used 
for various purposes, including the investigation of conceptual development of 
learners (Novak, 1990). A study by Edwards and Fraser (1983) show that 'concept 
maps were as accurate as interviews for revealing student comprehension of 
concepts'. They also pointed to the 'contrast between the high equivalence of 
information revealed by concept maps and interviews, and the low equivalence 
between information revealed by written answers and interviews'. Examples of 
studies which have used concept maps successfully are Arnaudin and Mintzes 
(1985); Wallace and Mintzes (1990). 
Wbid Soiting or Woid Association Tests: These tests have been developed by 
using stimuli embedded in sentences and allowing multi-word responses. An 
example is the study by Maskill and Cachapuz (1989) which used word association 
tests to follow the concepts of chemical equilibrium being learned by 30 students 
(14 years old). The stimulus word 'equilibrium! was found to reveal interfering 
concepts that were hindering learning. In this study, individual students' ideas were 
explored using the word association tests as well as retrospective reports obtained 
by asking students what their responses meant. It was reported that through this 
method, the idiosyncratic ideas of students were revealed and were related to 
individual learning difficulties. 
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Small Gmup Discussion Nkthod (Brosnan and Hann, 1992): In this approach, 
groups of individuals are engaged on tasks involving mutual assimilation of, 
learning from, and re-formulation of scientific information through discussion and 
argument in a context which the researchers believed is "in fact close to that 
through which much of the scientific understanding they currently possess was 
actually forged. " Moreover, the approach is believed to be non-threatening and is 
able to reduce the level of perceived threat likely to be produced by 'testing 
scientific knowledge', providing also a context in which knowledge can be elicited 
naturally, without the need for intensive individual questioning. 
CONCLUSION FROM TFUS SECTION 
The various techniques for eliciting data on students' ideas vary in their feasibility and 
effectiveness in collecting a relatively objective, undistorted corpus of data. The choice 
of any one method or combination of methods in a particular study depends on the 
specific purpose(s) of the study itself For the purpose of developing insights into students' 
conceptions in the present study, the individual interview method has been selected (see 
section 3.5.1, chapter 3). 
2.6 OVERALL CONC1, USION FROM THE IMPATURE REVIEW 
This review has shown that there are as yet comparatively few studies which are aimed 
at developing comprehensive insights into the understandings that a particular group of 
students (students aged 16-19 years, with significant background in the subject and 
generally with aspirations for ftuther scientific study beyond A-level) have about the vital 
conceptual area of chemical reactions. The very small number of studies which concern 
more or less the same group and same area of chemical reactions (such as Hesse and 
Anderson, 1992) and use the same interview technique are generally of too narrow a 
scope and shallow in tenns of the aspects (for example, they does not cover aspects such 
as energy change and driving force of chemical change) and nwnber of parallel tasks 
covered. 
59 
'Ihe studies on combustion point to difficulties that learners of various ages have in 
conceptualising the nature of this vety common type of chemical reaction. However, they 
also indicate that most of the information obtained from the older groups of learners, ie. 
grade 10, and beyond are obtained through the use of written tests/questions. This means 
that the information obtained is limited in range and depth; also there is little information 
on how A-level students understand chemical reactions, including combustion reactions, 
in terms of driving force and of the bond breaking and bond making processes involved. 
This has led to the inclusion of three different combustion reactions in different contexts 
in the present study, which used, not a written test, but a interview-about-events technique 
as its main data collection instrument. 
While the work of researchers such as Andersson (1986a, 1990), Driver (1985), Mehuet 
et al. (1985), Pftmdt (1982), Ben-Zvi et al. (1982,1986,1987), BouJaoude (1991), and 
Prieto, Watson and Dillion (1993) are highly commendable in their attempts to examine 
students' understandings of chemical reactions in a systematic way, the students studied 
by them are generally in secondary schools, aged 16 and below. 
Thus, this present study aims to fill in the gaps and take the research firther by examining 
the understandings of older students, i. e., those who have proven to be successful in 
school leaving examinations and who have voluntarily opted to specialise in the study of 
chemistry. Obviously this group of students are expected to fall into Andersson's (1986, 
1990)'s category (E) in his scheme of classification on students' models of chemical 
reactions; the other four categories, Disappearance, Displacement, Modification, and 
Transmutation should not apply. Thus, this study hopes to 'fill in the gaps' and uncover 
the variation of ideas that are covered by Andersson's category (E) 'chemical reaction. 
The literature on the consistency of students' ideas seems equivocal; it seems that quite 
often a student is seen as inconsistent based on their beliefs and views elicited in 
connection to their performance on a given task, but not across multiple tasks. This 
suggestion, together with the need to examine if A-level students are able to generalise 




RESEARCH NIETUODS, AND PROCEDURES 
3.1 '1 DORMCAL FRAMEWORK OF RESFARCH 
The design of this study was guided by a constructivist-generative view of learning and 
teaching described in section 2.2 of chapter 2. According to this view, the learner is 
actively involved in constructing and reconstructing conceptual schemes or mental 
representations of the world around hirn/her. 
Thus, the study set out to discover (or uncover) the kinds of conceptions or 
understandings that A-level chemistry students have about some common chemical 
phenomena, and to examine how these change with increased exposure to formal 
chemistry instruction. It also exan-fined students' learning approaches and their perceptions 
of chemistry classes, and their possible effects on students' understandings. 
3.2 RESEARCH QUESTIONS 
a. What kinds of conceptions do A-level chemistry students have with respect to 
some familiar chemical phenomena? Do they have comprehensive and consistent 
explanations for chemical reactions? 
How do these students perceive the process of chemical change, at the 
microscopic level? 
What kinds of conceptions do these students have with respect to the 
energy changes involved? 
What kinds of conceptions do these students have with respect to the 
driving force of chemical reactions. In other words, what explanations do 
these students have with respect to why chemical reactions take place? 
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How do students, conceptions and understandings change with increased exposure 
to fon-nal chemistry instruction? 
C. How consistent or inconsistent are students, conceptions across the events or tasks? 
d. What kinds of learning approaches do students have? 
e. What kinds of perceptions do these students have of their chemistry classes? 
E What possible effects do students' learning approaches and perceptions of 
chemistry classes have on their understandings? 
Answers to all but the last three of these research questions, were obtained from analysis 
and interpretation of the data obtained through the process of interview-about-events. 
Answers to the last three questions, d, e and f, were derived from analysis of data 
obtained from the learning process questionnaire as well as from the interview-about- 
events. 
3.3 RESEARCH DESIGN 
This study, which employed the mterview-about-events technique as its main data 
collection device, was fomded on the expectation that sixth formers, having been exposed 
to fori-nal chemistry instruction for three to four years, would have learned enough basic 
chemistry about the macroscopic and microscopic properties of substances, the nature of 
change involving chemical interaction of particles and energy exchange between the 
chemical system and its surroundings to make sense of familiar chemical phenomena. 
Thus, given some familiar substances such as metallic copper and hot air, it was expected 
that these students would be able to construct explanatory models or theories of the 
chemical reactions involved based on their knowledge of the properties of these 
substances and the nature of chemical interaction. 
in setting out to develop insights into the students' mental world, it appeared preferable 
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to begin where the students were, i. e., to explore the students' conceptions on their own 
terms, without biasing the fmdings by imposing scientists' fimneworks. Examples of this 
'direct' approach are the proposal of the "naive physics manifesto" by Hayes (1979) and 
the work of Bliss, Ogborn and VVhitelock (1989) on "common sense understanding'I. 
However, the direct approach (in its purest sense) was not used in the present research in 
that although relatively common events/tasks were presented to students, the questions 
presented and the analysis of responses was based fmffly on a scientist's fi-amework. Some 
tempering of the scientists framework, however, was achieved by way of flexibility in the 
structured interview process adopted which enabled detailed exploration of the students' 
own perspectives. 
During the interview, the introduction of scientific terms by the interviewer was avoided 
wherever possible, and responses elicited were very much given in the interviewees' own 
terms. Where scientific terms were introduced by the interviewee, their meanings were 
probed. To a significant extent, whilst the interview was conducted against a prepared 
schedule, each interview progressed according to the responses given by the interviewee 
as his/her ideas were fijrther probed for insights into his/her idiosyncratic world-view. As 
evident in later chapters, the students' responses subsumed many interesting and unusual 
staternents,, which revealed many features of the students' mental worlds. 
In order to examine the issue of consistency and inconsistency of students' ideas and their 
ability to generalise across events, a set of 5 main events were used as foci for discussion. 
Data gathering was carried out in two stages: stage 1, when the students were in the lower 
sixth form (abbreviated L6), and stage 2, when they were in the upper sixth form 
(abbreviated U6). At both stages, based on the same interview technique and schedule, 
data on students' conceptions and understandings were collected, so that the effects of 
intervening learning could be examined. In addition, at stage 2, the learning process 
questionnaire, was used to collect data on students' learning approaches and perceptions 
of chemistry classes so that some aspects of the nature of the intervening learning could 
also be examined. 
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3.4 THE SANWIE 
It was decided at the outset, that between 30 to 60 students from 3 to 5 schools (aver-aging 
6 to 20 students per school), would be included in the study. To include more than 60 
students would render the research unmanageable within the constraints of time, energy 
and other resources needed. To include less than 30 would limit the usefulness of the 
study in ten-ns of representativeness of A-level students as a group and also limit the 
secondary objective of seeking some degree of generalisability. The initial higher number 
of 60 was chosen to allow for drop-outs or other contingencies. 
At stage I (i. e., during the L6 interviews) the study sample comprised 60 students, drawn 
from 5 schools. However, at stage 2 (i. e., during the U6 interviews) 12 students were not 
available for the follow-up interviews for various reasons (such as having dropped out of 
the chemistry class or repeated failure to turn up at the appointed time) and were therefore 
excluded from this study. This means that the effective (final) sample size was 48. 
Since the developing of insights into sixth formers' understandings, and not generalisations 
across the nation! s schools, was the primary concern in this study, randomised sampling 
was not carried out. Randomised sampling would not in any case be feasible, given the 
limited resources available. Instead, schools were 'selected based on three main 
considerations. 
Firstly, in order to sample as broad a range of students' conceptions as possible, and to 
achieve some, albeit small, measure of representativeness in the types of schools sampled, 
it was also decided to include students from three different types of schools, ranging from 
very good to good, and average, in ten-ns of academic achievement. 
The second consideration was the geographical location of the schools. In this case, they 
were all situated within the greater London area, which meant that they were reasonably 
accessible to the researcher. 
The third consideration was the willingness of the schools and students to co-operate, 
particularly during the data collection stage which involved the students, participation in 
two interview sessions and completion of the 50-item learning process questionnaire. 
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Since this researcher was a foreigner to this country, and had no contacts with the schools 
in the field to begin with, she had to rely on the goodwill of lecturers in the Centre for 
Educational Studies at Kings College London, to make recommendations and introduce 
her to relevant teachers in the study schools. Thus, judgement as to which of three 
categories (very good, good and average) the study schools fit into were based chiefly on 
views of the lecturers who made the recommendations and introductions to the study 
schools. 
Although two of the educational institutions involved were sixth form colleges, for 
simplicity, all five institutions are referred to as schools in this thesis. Within each school, 
the teachers concerned (typically the head of chemistry) were requested to provide 
students from across a range of ability in chemistry. In one of the schools (school P), 
there were only 12 L6 students in total doing chemistry, hence the entire enrolment was 
included in the interviews. (However, at the U6,2 of the students dropped chemistry, so 
that the number of school P students reported in this thesis is 10. ) 
The following table 3.1 sets out a brief profile of each of the study schools and its 
sample, including the composition by sex and the relevant science subject taken at GCSE, 
whether it is chemistry as a single subject or coordinated science. 
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TABLE 3.1 
PROFILE OF STUDY SCHOOLS AND SAMPLE 
School Type Sex Age No. No. No. No. 
range boys girls GCSE GCSE 
chem co-ord 
sience 
C voluntary-aided all-girls 11-18 0 9 1 8 
comprehensive 
E county, mixed 11-18 7 3 2 8 
comprehensive 
P independent all-girls 5-18 0 10 10 0 
selective 
R 6th form college mixed 16-19 3 3 0 6 
county, 
comprehensive 










Some comparative data on the schools in ten-ns of public examination results and 
syllabuses and so forth are at Appendix A. Other relevant infonnation on the study 
schools and sample are at Appendix L. 
3.5 DATA COUECTIION 
The prirný data collection device used in this study is the interview-about-events. 
A secondary objective of the study had been to measure students' leaming approaches and 
to investigate relationships between these and the prhnary findings on students 
understanding. 'fhe results obtained were inconclusive but are presented at Appendix L 
for completeness. 
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3.5.1 THE EVIIRVEEW-ABOUT-EVENTS 
Ihe decision to use a specific data elicitation technique was influenced by a number of 
factors. Among these were the aims and objectives of the study, the nature of the data 
required, the nature of the experimental tasks, the characteristics of the individual subjects, 
the feasibility of the analysis and the time allocated for gathering and analysing the data. 
In this study, the individual interview was selected as being the most appropriate to the 
nature and purpose of the investigation. It had been used in many studies, and the data, 
thus obtained, had been found to be valid and reliable with respect to students' knowledge 
of specific content domains (Nussbaum and Novak, 1976; Baskhar and Simon, 1977; 
Clement, 1979; Erickson, 1979; Osborrie and Gilbert, 1980; Posner and Gertzog, 1982; 
Stewart, 1983; Finley, 1984b; Gilbert, Watts and Osbome, 1985). 
Many previous studies on students' conceptions employed written tests or paper-pencil 
methods including concept maps, word sorting, word association. Rese were considered 
as unsuitable for the present study for the following reasons. 
Each individual person has his/lier own unique world-view and meanings, and 
paper-pencil methods generally do not allow for both parties concerned (researcher 
and the study subject), to seek clarification and elaboration of terrns and labels 
used. This means that paper-pencil methods are subject to possible mis-match of 
interpretation of terms and meanings between researcher and study subject. 
Moreover, it is also well-docwnented (eg Gunstone & White, 198 1) that 
sometimes, students can answer written examination questions correctly without 
really understanding the underlying principles. The interview situation would 
provide for in-depth probing on understandings. 
Paper-pencil methods suffer from not having a means to ensure that students 
provide adequate details in their answers. (While it must be admitted that in the 
interview situation there are also no fool-proof means of ensuring that students 
would provide adequate details in their responses, it must be recognised that in the 
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personal, one to one interactive situation of the interview, depending on the 
expertise, interpersonal skills and sensitivity of the interviewer, students are less 
likely to get away with superficial or perfunctory responses. ) 
Paper-pencil methods while being time effIcient could also suffer from the 
problems of pre-determination of questions and coverage which might reflect the 
researchefs bias. 
As pointed out by Schuster (1983) paper-pencil methods are particularly 
susceptible to the danger of premature and over-general conclusions and 
categorisations. (Interview methods are also not free from this danger, such as 
when initial responses are accepted at face value and not probed to sufficient 
depth. The course of the in-depth interviews carried out in the present study had 
also revealed the danger of premature conclusions; students' ideas, in particular, 
the initial ones, were found to be rather fragile, fluid and volatile as they modify 
and change. ) 
VVhle the small group discussion method used by Brosnan and Ham (1992) was 
interactive and therefore avoided some of the potential problems of paper-pencil methods 
(such as mismatch in the understandings of terms and expressions between researcher and 
study subject), it was not seen as appropriate in this study for many reasons. Among these 
were practical problems of arranging for such group sessions; the difficulties of 
monitoring the interaction; and the recording of data. 
While the individual interview situation might be seen as threatening by some 
interviewees (a problem which was said to be arrested by the use of small group 
discussion method), this could be alleviated by reassurance - particularly with respect to 
the use of the output by the researcher - that the interview would be confidential and not 
linked to any in-school assessment procedures.. Also the fact that this researcher was a 
foreigner and not associated with the local education scene might also alleviate any 
problem of perceived threat from the "testing of scientific knowledge". Moreover, it was 
much easier for rapport to be established in a one-to-one situation; students were less 
likely to be side-tracked, distracted, or confused, or suffer having their trains of thought 
interrupted by others. 
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Tbus, the interview method because of its interactive nature could be used in such a way 
that the weaknesses of paper-pencil methods could be avoided or mmmused; e. g., by 
using specific phenomena as foci for discussion and by asking general questions; and at 
the same time, minimising the introduction of scientific ternis, and allowing the 
interviewee to introduce these terms and then probing their meanings. It allowed both 
mterviewer and mterviewee to ask questions to clarify perceived or actual ambiguities. 
However, this method, was demanding, not only in terms of time, but also in terms of the 
expertise and interpersonal intelligence of the interviewer. Its success depended on the 
extent to which students were able to articulate their understandings, which in tum 
depended on the extent to which they were made to feel free to express their views 
without feeling that these would be immediately assessed against an externally defined 
standard. 
It must be admitted that the interview method could also suffer from dangers arising from 
the interview&s theory and expectations of the interview situations, which could bias the 
collection and analysis of the interview data. (See section 3.5.1.4 "Issues of validity and 
reliability" on how the perceived weaknesses of the interview method have been 
minimised in this study). 
Having weighed the pros and cons of various techniques, it seemed that the balance was 
clearly in favour of the interview method for the specific purpose of this study, which was 
mainly to develop insights into students' understandings. As suggested by researchers such 
as Swanson et al. (1981), except for the rare cases where some conceptions or notions 
might be unknown to the interviewees, themselves at the point of the interview, or where 
there are deliberate dishonesty or sharing of false views, the fact remains that over a wide 
range of conditions and situations people, students included, are reasonably good at telling 
what they conceive and how they think. 
Pines et al. (1978), arguing in respect of the individual interview method pointed out that 
this "less quantifiable, less reliable approach is defended in ten-ns of the inherent and 
imducible complexities of the phenomena of education and psychology". 
69 
Above all else, in this researches view, the fact that each learner is an unique individual 
and has his/her unique world view merits the use of the individual interactive interview 
method. 
3.5.2 THE NTERVIEW NME AND STYIE 
The choice of events and broad, open questions used in the interview schedule have, of 
necessity, been based on a scientists analysis of the conceptual area of chemical reactions. 
Ibroughout the interview process, a very delicate balance had to be maintained between 
the need to cover common ground in the intra- and inter- individual interviews for 
comparison purposes and the need to allow each interviewee to express his/her own 
unique conceptions and reasoning processes. 
For the interviewees to engage in thinking, and to verbalise their thoughts properly, there 
was a need to maintain sufficient wait time for each question. Again a sensitive balance 
had to be maintained between the need for good wait time and the need to cover the range 
of events and the various aspects involved in the time available for each interview. 
Each student was interviewed twice, once in the lower sixth form, then again in the upper 
sixth form.. The same interview schedule, hence the same events or tasks, were used in 
both interview sessions, which were conducted on a one to one basis by the researcher, 
audio-taped and then subsequently transcribed. During each interview, students were not 
only asked to verbalise conceptions and theories about various aspects of the conceptual 
area of chemical reactions, but were also asked to make drawings to illustrate their 
conceptions and explanations. Hence, drawings as well as verbal reports were used as data 
in this study. 
Each interview session lasted an average of one hour; in some cases, it went on for one- 
and-a-half to two hours. The variation in the duration of the interviews was a result of 
several factors: 
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Some time slots were more convenient than others, that is, some students had 
successive free periods and were available and willing to talk for longer periods 
of time than others. 
Some students were, by nature, more willing to talk for longer periods than others. 
Some students found that the interview sessions were useful leaming situations in 
themselves, in that it helped them to articulate their ideas, and clarify them in the 
process (in spite of having no feedback from the interviewer). Others saw the 
interviews as practice or training sessions, either for pending examinations and/or 
for university admission interviews. Hence, these students were most willing to 
discuss and test their ideas and reasoning processes with the researcher. 
On the whole, most of the students were very co-operative and responded readily and 
freely to the various interview tasks, and the interviewer enjoyed the interactions with 
them. At the end of the upper sixth interviews, the interviewer also spent as much time 
as was possible (typically 30 to 60 minutes) giving feedback on an individual basis to 
students who requested feedback on their strengths and weaknesses. 
3.5.3 EV 12NTS/TASKS USED AND RATIONALE FOR CIDOSING THIEM 
The basic content of the two interview sessions for each of the students was essentially 
the same; since the same events and the same interview schedule were used. The five 
events which were used as foci for discussion in the interview sessions were used to 
establish a set of different but related contexts for students to use as reference in their 
theorising about how and why chemical reactions take place. 
The five main events used were: 
(1) hot copper in air; 
(2) the burning candle; 
(3) the bunsen flame; 
(4) addition of magnesitun to dilute hydrochloric acid; 
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addition of aqueous lead nitrate to aqueous sodium chloride. 
The choice of the specific events/tasks as foci for discussion during the interviews, was 
based on the following considerations. 
(a) The events should be fairly simple ones and familiar to students, so that 
misunderstandings were minimised, and so that students would be at ease talking 
about them. Hence practically all the 5 events chosen were those that the 
interviewees, had met with at a very early stage of their science curriculum. 
(b) Some of the events should involve combustion since combustion reactions are so 
much a part of our everyday life. In fact almost everything that happens around 
us, cooking, heating, lighting, transport, manufacturing and so forth involves 
combustion reactions, either directly or indirectly. And of course the respiration 
and food digestion processes in human beings and in animals also involve 
combustion reactions, albeit very slow ones. Additionally, combustion reactions 
are among the first groups of reactions introduced to students, often in connection 
with the study of oxygen and air in our environment. 
(c) Having decided to include combustion reactions, the next question was, 'How 
many of these reactions should be chosen and which onesT In order to examine 
the consistency of students' ideas across the class of combustion reactions, 3 
different combustion reactions were chosen. Among these, a familiar dry reaction 
(without the complication of solvents) involving a common substance (a metal) 
and air/oxygen, and a perceptible solid product (a metal oxide), was chosen as the 
first event for discussion. A metal such as copper was seen to be an obvious 
choice since metals were, after all, one of the most common and important classes 
of materials that students were introduced to during their early school years, and 
copper is one of the most common metals found in schools. 
(d) The burning candle was chosen for its familiarity to students in their everyday life 
(e. g., birthday candles) and the bunsen flame for its ubiquity in school laboratories. 
The thinking was that most students would have been instructed on the chemical 
reactions occurring in a bunsen flame (in most cases during their early secondary 
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school years); it would thus provide a good focus for discussion. The inclusion of 
the burning candle would also provide the opportunity for evaluating the students' 
ability to transfer school knowledge about the bunsen flame to the candle flame. 
(e) Besides the combustion reactions, some of the reactions should include solutions 
because, among other things, solutions and their reactions are of great significance 
in analytical procedures. 
(0 Among the reactions in solutions, are metal-acid reactions which are also very 
much a part of the secondary science curriculum, where students leam that all 
elements could be categorised essentially into 3 groups: metals, non-metals and 
semi- or weak metals. 'Ihey learn too that metals are characterised by their 
reactions with acids to form salts and hydrogen gas, and that corrosion of metals 
in their environment is often related to this metal-acid reaction. In addition, 
students also leam that metals are characterised by their reaction with air/oxygen 
to fonn oxides (e. g., in event 1) which are basic in nature and which would also 
react with acids to form salt and water. 
The decision to include an event of this type was also arrived at based on the fact 
that a metal-acid reaction could also be grouped with the 3 combustion reactions 
in that all 4 reactions are redox reactions, i. e. involving electron transfer or a 
change in the oxidation numbers of substances involved. Magnesium ribbon and 
dilute hydrochloric acid were reasonable choices because both materials were 
familiar to students (In fact the interviews revealed that the majority of students 
had even carried out this particular experiment before); also both the progress of 
the reaction and the energy changes involved are clearly perceptible. 
(g) The last event was chosen as it typifies precipitation reactions, another class of 
reactions with which secondary school students are very familiar, especially in 
relation to their practical work on qualitative analysis of elements, mixtures and 
compounds. It also involves the ubiquitous sodium chloride and shares one 
commonality, among others, with the preceding event, in that it involves the role 
of water as a solvent in chemical reactions occurring in the aqueous medium. 
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(h) For events 4 and 5, where time permitted, a related event (addition of copper foil 
to dilute HCI; and addition of aqueous copper sulphate to aqueous sodium chloride 
respectively) was also discussed. The rationale for including these discussions was 
to probe at a deeper level students' understandings of the nature of the chemical 
reactions involved. 
The events were chosen in such a way as to reflect, not only the various common types 
of chemical reactions but also to reflect a gradation or progression, of difficulty in terms 
of perceptual cues. Event I involving copper metal and hot air was perhaps the simplest 
chemical reaction. Here both the starting substance and the subsequent product were 
solids, perceptible and were clearly different in appearance, even though the second 
reactant, hot air, was not. This was followed by event 2 which, like event 1, involved a 
well-known material, the candle, but which had the added complication of the wax giving 
the wrong perceptual cues. The wax was clearly seen to be melting and not 'burning in 
the everyday sense of the term. However, the fact that the candle wax decreased in 
volume was also a clear perceptual cue that some change was involved. Event 3 was 
clearly more demanding than event 2, since not only were products imperceptible gases, 
both reactants were imperceptible gases as well. Thus, there was a hierarchy of difficulties 
associated with the three combustion reactions involved in events 1 to 3. 
Events 4 and 5 formed another group of similar reactions, in that they both involved a 
solvent which was essential in the reactions (the solvation effect of water in the 
production of free or mobile ions, which subsequently interacted leading to formation of 
new products) but whose role was not obvious nor reflected in the chemical equation. This 
posed additional difficulty compared to events I to 3. Specifically, event 4 involved a 
perceptible solid (Mg) reacting with an imperceptible solution (dilute HCI) to produce a 
perceptible gas and a imperceptible aqueous product. Event 5 involved two imperceptible 
solutions reacting to produce a perceptible solid product and a imperceptible aqueous 
product. Tbus, this second group of reactions was not only more difficulty than the group 
of combustion reactions, but within it, there was an increasing complexity or difficulty. 
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3.5.4 TIHE UVIIRVIEW PROCEDURE 
There were essentially three main stages to the interview: 
Stage 1: The initiation stage 
This was the 'ice-breaking or 'setting the stage! step, and involved a self-introduction by 
the interviewer and getting acquainted with the interviewee. The purpose of the interview 
was explained. The interviewee was told that the purpose was to develop insights into 
his/her thought processes as well as views about the events considered. S/he was assured 
of the confidentiality of interview data, and of the fact that the interview situation was not 
a test or judgemental situation; the interviewer would not comment on the 'rightness' or 
'wrongness' of his/her views but might seek clarification on views or ideas offered. 
This stage was omitted during the second round of interviews, that is, when the students 
were in their upper sixth form, because in virtually all cases, immediate rapport was 
established; the interviewees, appeared to be completely at ease. It was also during this 
second interview that students were asked about the grades they scored for the science 
subjects they took during the GCSE examinations. They were also asked to make 
predictions on the grade they expected to score for chemistry in the coming A-level 
examinations. (These data are presented in Appendix L) 
Stage 2: The elicitation stage 
In this stage, the attention of the interviewee was focused in turn on each of the events; 
and were asked to respond on four main aspects of the chemical reactions involved, 
namely, 
(A) make predictions on the t)W of chemical change expected 
(B) make predictions on the overall energy change involved 
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(C) give a detailed account of how s/he imagined the change taking place at the 
microscopic level 
(D) explain the driving force behind the change, that is, give an explanation as to why 
s/he thinks the change takes place 
For Events 4 and 5 which involved chemical reactions occurring in the aqueous medium, 
the interviewee was asked to speculate on the role of water and was asked to predict the 
consequence of not having water present, that is, adding magnesium ribbon to a sample 
of pure gaseous hydrogen chloride (Event 2) and adding solid lead nitrate to solid sodiurn 
chloride. 
(See Appendix B: The Interview Schedule) 
Stage 3: The closing stage 
The interviewee was thanked wholeheartedly for his/her contribution to the research; and 
in particular for his/her ideas and time invested. 
Following each interview, field observations and notes were made on various aspects of 
the interview situation and interviewee, including his/her nonverbal communication such 
as his/her attitude, the extent of his/her involvement and engagement, as well as the 
interviewees evaluation of her own style and approach, and any other additional 
information which might help establish a context for intetpreting and making sense out 
of the interview. 
3.5.5 VALIDITY AND RELUBUITY OF THE ENTERVIEW NIE'IIIOD 
The main issues of validity of the interview method relate to questions such as those 
raised by McClelland (1984): "To what extent do data thus elicited represent students' true 
views, and are not merely expedient or transient solutions invented in an interview where 
an answer of some kind is a social imperative? " 
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It can be argued that the same questions could also be raised with regard to paper-pencil 
methods. In fact, the advantage of the flexible, interactive interview method used in this 
study over paper-pencil methods was that it allowed probing of responses so that 
superficial or false views could be detected. 
Allowing for the fact that students' ideas may be fluid and fragile and that initial 
responses could be misleading, in this present study the interviewees' conceptions were 
elicited across four related aspects and five main events or tasks. This meant that 
numerous statements were made on the same aspect and conceptual area thus providing 
various opportunities (i. e., at different stages in the interview) for the interviewee to 
articulate his/her understandings of a particular aspect. It also allowed for 
misunderstandings, misinterpretations or errors in verbalisation to be checked. 
Furthermore, drawings and illustrations were used throughout to supplement and to cross- 
check verbal data wherever possible. 
The main issues of reliability relate to interviewer bias and learning by the respondent 
through the interview process, which are pertinent in the data collection stage; and the 
data coding and categorising stage of the study. 
The question of interview bias with respect to framing and design of the interview events 
and questions is also relevant to paper-pencil methods. In the case of this study, this 
specific issue of interviewer bias had been addressed by a process of developing and 
refining of the interview method and schedule involving pilot testing and back-and-forth 
discussion and validation with two experts in the field. 
Also instead of depending on interview&s notes of the discussion as a record of the 
interview, this study utilised transcripts (mostly transcribed verbatim from audiocassette 
recording) of the interview for analysis. 
Like any instrument, the interview must have some effect on those on whom it was used. 
In this case, it must have an effect on the learning of the students, so that perfect 
consistency or reliability would probably not be attainable. However, the present study has 
gone some way in attaining reliability in data collection, by fixing the interview structure 
and schedule, which was used in all interviews. Thus, all interviews essentially covered 
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the same contents, in terms of the fixed events and aspects. 
In the present study, the issues of reliability across interviews were further addressed by 
having the verbatim transcripts of the interviews read by two experts in the fielcL who 
then provided feedback on reliability. 
In the present study, internal consistency between interviews with the same student was 
provided for by having the same fixed interview schedule (hence the same questions) at 
both interviews and by maintaining a common analytical structure. 
The second aspect of reliability pertains to coding and categorising of students' responses. 
For this purpose, a structured scheme of 'model answers' comprising specific key elements 
for each of the aspects A to D across the 5 events was drawn up (see Appendix C: Key 
Elements in the Expected Responses in Each of the Aspects A-D). This was then used to 
code students' interview transcripts . The coding scheme, together with samples of coded 
transcripts were made available to two experts, who cross-checked both the coding scheme 
and the coding process. Consistency of coding between the researcher and experts was 
taken as an indication of reliability of the method of coding and analysis applied to the 
interview data. I 
Some researchers (e. g., Spector, 1984) have suggested that interview reliability could be 
checked by summarising interpretations which have been made and then presenting them 
to respondents for verification. Such checks were considered infeasible in this case 
because the respondents would probably not remember their previous conceptions or what 
they had said to be their conceptions. 
3.5.6 SUPPIEMUýTARY DATA COIJJECIM 
Supplementary data about the students' GCSE gades for science subj ect(s) and classroom 
environment were also gleaned from informal unobtrusive observations as well as from 
infonnal discussions with teachers. Such data were used to understand the different 
learning approaches adopted by students. 
i, S e-e- -A P Pe,, %. 
J- i-*)ý 0 
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3.6 DATA ANALYSIS 
In this study, qualitative analysis of interview data was combined with the use of 
statistical techniques using the Minitab software, release 7.1 which was also used in 
analysing the data from the learning process questionnaire described fully in Appendix L. 
In the initial stage of data analysis, interviews were transcribed verbatim. From the 
transcripts, 'telegrammes' capturing essential and relevant bits of students' responses to 
each event were wntten. 
In the second stage of data analysis, interviews were no longer transcribed verbatim, 
owing to the constraints of time and because 'telegrammatic! transcripts were adequate for 
the purposes of coding of interview data. 
r1bus, the next stage of the analysis involved making explicit, that is, on paper, a 
scientist's views of the kinds of responses expected from students at this stage and level 
of their chemistry learning. This compilation was done with reference to the syllabuses 
and textbooks which were used by the students, as well as with input from some of the 
teachers (i. e., teachers who were helpful and available to this researcher) via informal 
discussions. 
This structured scheme of blue-print or'model answers' as it were, was set out in the form 
of a number of specific key elements for each of the four aspects A to D, and for each 
of the five events (see Appendix Q. 
Each transcript was then scrutinised for the number of key elements (abbreviated XEs') 
in the expected response under each aspect and each event which was contained in it, as 
well as for alternative conceptions (abbreviated 'ACs'). (See Appendix D for an example 
of a verbatim transcript which also ilustrates the scoring of KEs and ACs). The specific 
KEs on each transcript which matched those on the 'model answers' were coded on the 
transcript as well as recorded on a first summary sheet (Form X) for each student (see 
Appendix E: Record of Specific KEs and ACs Across Events and Aspects). 
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A master list of ACs was compiled. At the same time, each AC as it occurred, was coded 
on the transcript as well as on the summary sheet X for each student. The number of KEs 
and ACs for each aspect and event comted for each student was then recorded on a 
second summary sheet (labelled form Y, see Appendix F: Record of Number of KEs and 
ACs Across Events and Aspects). 
In the counting procedure, for every key element included, 'IKE' was assigned. Where a 
significant part of a key element was included, half a key element, '0.5KE' was assigned. 
In discussing students' understandings under each aspect across the 5 events (chapters 4 
to 7), for each interviewee, the sum total number of KEs was obtained by adding the 
numbers scored in each of the 5 events and rounding off to the nearest whole number. 
In discussing students' understandings across aspects for each event, for each interviewee, 
the sum total of KEs was obtained by adding the numbers scored in each of the aspects 
A to D, and rounding off to the nearest whole numbers. 
While being aware that researchers like Goldberg and McDetmott (1983) had suggested 
an operational definition of 'holding a conception as being the consistent application of 
the same idea throughout an interview, and also through a range of situations, this was 
considered unsuitable for the purpose of this study. This is because the consistency or 
inconsistency of students' conceptions was in itself, a targeted area of the study. lhus, in 
the present study, for each of the four aspects A to D focused on, the final responses of 
the interviewee made in the context of each event was taken as the valid response in that 
situation; and any conceptions which were at variance with scientists' views were noted 
as alternative conceptions (ACs). 
3.7 SUMMARY OF CHAPTER 
The main aim of developing insights into students' conceptions was thought most 
appropriately achieved through the interactive interview method, after a deliberation of 
possible methods to use. Like all other methods, this method suffers from inherent 
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weaknesses or limitations. Ihese weaknesses had been alleviated by various measures or 
precautions throughout the study process, the design of the interview events and schedule, 
the interview situation and the coding and categorising of responses. 
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CHAPTER 4 
STUDENTFUNDERSTANDINGS AND ALTERNATIVE CONCEPTIONS WM 
RESPECr TO ASPECr A, TYPE OF CHANGE PREDICUED 
4.0 OVERVIEW 
This chapter examines the students' responses under aspect A, prediction about the t)w 
of change (in ten-ns of reactants and products) to detennine students' understanding and 
range of ACs held. 
Sectiort 4.1 examines students' total scores on aspect A across events by school and by 
sex. 
Section 4.2 exatnines students' scores on aspect A by event by school and by sex. 
Section 4.3 examines students' alternative conceptions (ACs) associated with aspect A. 
For aspect A, responses revolved around knowing that a chemical change was involved, 
and being able to identify the reactants and products involved. A total of two key 
elements (2KEs) in the expected response was defined (see Appendix Q. Hence the 
maximum. number of KEs defined across the 5 events are 2x5 or IOKEs. 
4.1 ANALYSLS OF STUDENTS' RESPONSES ON ASPECT A OVER AILL 5 
To examine the difference between schools in terms of the U6 and L6 KE scores; and in 
tenns of progression i. e., (IJ-L) scores, on aspect A across events, mean scores are set out 
in the following table 4.1. 
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TABLE 4.1 
MEAN U6,, L6 AND PROGRESSION SCORES ON ASPECT A BY SCHOOL 
School A-U A-L A (U-L) 
C (n--9) 8.0 7.2 0.8 
R (n--6) 8.2 8.0 0.2 
P (n--10) 9.6 7.9 1.7 
E (n-- 10) 7.8 8.3 -0.5 
S (n-- 13) 8.8 8.0 0.9 
Mean 8.48 7.88 0.62 
p1 1 0.038 0.561 0.013 
Table 4.1 shows that differences between schools on Aspect A became more significant 
at U6 compared to L6 indicating differential added educational input between the schools. 
Also it can be seen that except for school E which showed regression, the other 4 schools 
showed progression on aspect A scores across events. 
The difference between U6 and L6 appears to be most significant between schools P and 
E, with school P making the greatest progression and school E the least on aspect A. 
To examine the difference between the sexes in terms of the U6 and L6 KE scores; and 
in tenns of progression, i. e., (U-L) scores, on aspect A across events, mean scores are set 
out in the following table 4.2. 
TABLE 4.2 
MEAN U6, L6 AND PROGRESSION SCORES ON ASPECT A BY SEX 
Sex A-U A-L A (U-L) 
FEMALES (n--35) 8.6 7.6 1.0 
MALES (n=13) 8.5 8.7 -0.2 
P1 0.823 0.014 . 012 
t. gaa- Arpc. -^cti-)( 
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From the results in table 4.2 it can be seen that while the male students did significantly 
better (p:! ý0.05) than the female students on aspect A at the L6, the girls made significantly 
more progression (p:! ý0.05), so that by U6, there was no more significant difference 
between the sexes. 
4.2 ANALYSLS OF STUDENTS' RESPONSES ON ASPECT A BY EVENT BY 
SCHOOL 
To examine the difference between the schools in terms of the U6 and L6 KE scores on 
aspect A by event, mean scores are set out in the following table 4.3. 
TABLE 4.3 
MEAN U6 AND L6 SCORES ON ASPECT A BY EVENT BY SCHOOL 
Sc AIU AIL A2U AM A3U AM MU A4L A5U A5L 
c 2.0 1.9 0.5 0.4 1.7 1.4 1.8 1.9 1.8 1.3 
R 1.7 2.0 1.5 1.1 1.8 1.6 1.7 2.0 1.5 1.2 
p 2.0 2.0 1.6 0.9 2.0 1.9 2.0 1.8 1.9 1.0 
E 1.2 1.4 1.9 1.8 1.9 2.0 1.7 1.7 1.1 1.4 
s 2.0 2.0 1.3 0.8 1.7 1.5 1.9 1.9 1.5 1.6 
Av. 1.78 1.86 1.36 1.00 1.82 1.68 1.82 1.86 1.56 1.30 
ILP 
--- . 
006 L . 025 . 001 . 001 . 
324 . 130 . 259 . 617 1 . 112 1 . 
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From table 4.3, comparing U6 and L6 scores (with the possible exception of event 3) the 
decreasing p values suggest that, with increased fonnal instruction, the school effect 
became greater. 
At tile L6, on aspect A, event 1, school Fs score was significantly lower than those in the 
other 4 schools while at the U6, school R seemed to have regressed a little, so that the 
differences seemed to be between schools C, P and S (which had the full scores) on one 
hand and schools E (and R to a smaller extent) on the other hand. 
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At the L6, on aspect A, event 2, it seemed to be the reverse to event 1: the schools C, S 
and P which had proportionately more females did worse (scoring less than IKE) than the 
schools who had more male students, schools E and R (scoring more than IKE). At the 
U6 schools P and S progressed and joined the other 2 schools by scoring more than IKE, 
leaving school C behind (which showed hardly any progression). 
It is interesting to note that generally the schools which had proportionately more females 
did better on event I and worse on event 2. 
One interesting observation was that while proportionately more female students were able 
to predict that copper in event I would undergo oxidation when heated in the bunsen 
flame, at the same time, in event 2, the burning candle, they were not able to 
conceptualise the candle wax as being burned or involved in any chemical reactions. More 
specifically 27 girls, II at the L6; and 16 at both U6 and L6 levels, conceptualised the 
wax in the burning candle as merely melting and not being involved in burning (see 
section 4.3). 
This appeared to be a contrast to the male students, who had no problems whatsoever in 
conceptualising the burning of wax in the candle flame; yet among whom a significant 
proportion predicted that copper would only meh and not bum when heated in the bunsen 
flame (see section 4.3). 
The data in Table 4.3 also shows that for events 3 and 4, the students, even at the L6 
mterview generally knew what chemical reactions were taking place, at least, in terms of 
knowing what reactants and products were involved. 
Events 2 and 5 appear to be least well-conceived in terms of reactants and products, 
during the L6 interviews. However, even then, at least one out of the two key elements 
(at least 50%) was included on average by students in each school, and by the U6, most 
schools made progression. 
On aspect A, event 2, it was schools C and E which did not show progression, and for 
different reasons. in school C, the students still did not know what reactants were 
involved in the burning candle; where the students in school E (the majority of whom 
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were boys) had already almost full scores at L6, hence there was not much room for 
improvement. 
On aspect A, event 5, it was the two all-girls schools C and P which seemed to make the 
most progression. 
The lower L6 scores (of around 1KE) for 4 out of the 5 schools in events 2 and 5 seemed 
to be ansen from different causes. In the case of event 2 it was largely due to the 
dominance of perceptual thinking: wax was not conceptualised as being involved in 
chemical change by some students (mostly female) because it was seen as not burning but 
merely melting. In the case of event 5, a nwnber of students predicted correctly the 
identities of the 2 products but showed lack of understanding when they thought both 
products would be fonned in the aqueous state. This lack of understanding was fixther 
revealed when they predicted that if aqueous copper sulphate, instead of aqueous lead 
nitrate, were added to aqueous sodium. chloride (event 5b - the event parallel to event 5, 
see chapter 3), there would be a chemical reaction. 
4.3 ANALYSIS OF STUDENTS'RESPONSES ON ASPECIP A BY EVENT BY SEX 
To examine the difference between the sexes in terms of the U6 and L6 KE scores on 
aspect A by event, mean scores are set out in the following table 4.4. 
TABLE 4.4 
MEAN U6 AND L6 SCORES ON ASPECT A BY EVENT BY SEX 
Se- 
x 
AIU AIL A2U AM A3U AM MU A4L A5U A5L 
F 1.9 2.0 1.2 0.7 1.8 1.5 1.8 1.8 1.6 1.3 
M 1.5 1.5 1.8 1.9 1.8 2.0 1.8 1.9 1.4 1.3 
p 
-T 
. 083 . 
007 . 010 . 
000 878 028 . 888 . 
486 1 . 296 . 
895 
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From table 4.4 it can be seen between the U6 and L6 the p values increased in all events, 
except 5, indicating that significance of the gender effect generally decreased with 
increased formal chemistry instruction. 
However, within this generalisation, it can be seen that, in event 1, the girls did better 
than the boys at the both levels, the boys not improving at all on their scores. 
This is contrasted to event 2, where the boys did significantly better than the girls at both 
U6 and L6 levels. 
One tentative hypothesis that this researcher has about the gender differences in events 
I and 2 is: 
The girls were less able to generalise across events 2 and 3. They conceptualised them as 
unrelated, isolated events whereas the boys clearly saw them as similar. However, in event 
15 it seemed that the boys (some) were associating it with activities like metal working 
and metal shaping when they predicted that copper will not oxidise but will only melt. 
4.4 STUDENTS'ALTERNATIVE CONCEMONS ASSOCIATED WM ASPECT 
A, PREDICDON ABOUT TYPE OF CHANGE (IN TERNILS OF REACrANIS 
AND PRODUM) 
This section discusses some of the ACs elicited with respect to aspect A, most of which 
pertain to combustion reactions, i. e., events 1,2 and 3. 
A irSunder Aspect A can be grouped as follows (a fonnal categorisation of ACs is I IL%-. I 
established in chapter 8, the full list of categorised ACs is provided in Appendix H. ): 
Group Al: ACs arising mainly from perceptual (as opposed to conceptual) thinking. 
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Group A2: ACs which show ideas of conservation and have some scientific basis, and 
arising mainly from the lack of understanding about the driving force of 
chemical reactions: e. g., ACs involving products and reactants which 
appear to be chemically possible but do not take place because of energy 
considerations. 
Group A3: ACs which show ideas of conservation but otherwise have little or no 
scientific basis, where, 'anything goes as long as the elements are in a 
soup'; e. g., ACs involving impossible reactants or products. 
Group A4: ACs which show no ideas of conservation, but instead ideas of 
transmutation where particles, hence substances, are transmuted from one 
kind into another 
Examples of ACs are given below for each of the above 4 groupings. 
Since the more prevalent ACs revealed in students' responses under aspect A, prediction 
of the type of change, pertained to conceptions about burning, i. e., in the context of events 
19 2 and 3. in this chapter, only these more significant ACs are discussed. Other ACs will 
be discussed, where appropriate, in other chapters. Also in this chapter, as in chapters 5, 
6 and 7, two methods are used in describing the students who subscribed to each AC. 
Where the numbers of students subscribing to a particular AC are high, these are 
presented in the form of a table, showing whether the AC was held at the L6 (L) only or 
U6 (U) level only or at both levels (U+L) delineated by schools. Where the numbers of 
students involved were small, then these are presented as a list. 
'Ihe interview extracts used to illustrate each type of AC usually contain statements which 
also illustrate other ACs, as will be indicated. 
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GRICKT Al: ACs those arising from the dominance of perceptual thinking 
AC Ala: substantialisation of heat; heat or flarne is seen as a substance, more 
specifically, it is seen as a reactant or the active agent of chemical 
change 
TABLE 4.5 
STUDENTS SUBSCRIBING TO AC Ala 
U only L only U&L 
AC Ala: C12, CI8 C145CI6 C6 
substantialisation PIO El 
of heat/flame R25R4 
E2ýE5ýEP 
S4 S12 S6, S20 
Totals: 1 
9 4 
This AC was subscribed to by 16 students, 7 in the U6, of whom 4 revealed this same AC 
at both U6 and L6 interviews. This AC is very closely related to AC DIa (heat as causal 
agent of chemical change, section 7.3, chapter 7) where flame or heat is not merely seen 
as the result of reaction; instead it is conceived of as an active agent, a reactant and a 
cause of chemical change. These ACs probably arise as a result of perceptually dominated 
or everyday thinking. 
Copper when put in the flame, turned black, i. e., formed a new substance. Without the 
flame, it appeared that nothing changed, but change came about as a result of it being 
placed in the flame. Thus perceptually, the flame was an active agent, a reactant in the 
chemical change. With some students, who did not understand the role of oxygen in 
burning, the misconception of heat as substance went a step further: since they learnt at 
an early stage in the school science curriculum that oxygen/air is necessary for burning, 
without oxygen/air, there is no flame; so it appears they drew the inference that flame is 
synonymous to oxygen/air, i. e., oxygen/air is flame and flame is oxygen/air. 
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This AC is illustrated in cases 11 and IV, chapter 12, and in the following extracts of 
interviews with students S20, C65 C 16 and C 18 (students' verbatim responses in italics): 
EXTRACT 1: From U6 interview with S20 (It also illustrates AC D1 a. ) 
S20.2 in reply to what she understood by the term'chernical reaction' said: f'.. one mactmt 
affects awther reactant to fonn something else or to bond together. 11 
L "There must be two reactants-one single reactant cannot undergo chemical reaction-T 
S20.2: Tut if itý heated, then itý oxygen that is affecting it-themý still something 
affecting it" 
1: "Lets take calcium carbonate, if we heat it, it will form calcium oxide and carbon 
dioxide gas.. is this a chemical reaction? " 
S20.2: "Yeah beccaise bonds av still broken". 
L"But there is only one reactant here.. " 
S20.2: "Yeah but that can't.. them must be something else.. it can't break up on its ownjust 
If like tha-so there must be something else offecting it . 
1: "What is this something else.. " 
S20.2: 'Must be heat.. 'cos it is breaking the bond. it ý endothenn ic.. which m eons it ý taking 
heat in so there must be heat them. I don't know whether you'd clays heat ay a reactant 
'cos usually itý the dtivingforce.. it makes the reaction stW" [Her last statement illustrates 
AC Dla: heat as causal agent. ] 
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EXrRACT 2: From U6 interview with C6 at also illustrates AC Dla. ) 
F'Do you think there are chemical reactions going on in this bunsen flame? " 
C6.2: "Yes, there av.. I don't know whether to call it light or hea or oxygen.. knowing you 
strike a match. -I don't know wha you call the m a(ch itself . the light tha com es from the 
ma(ch.. if it way oxygen or hect.. hea is usually taken cv oxygen" 
1: "What do you think is the driving force of this bunsen flame reaction? " 
C6.2: "oxygen " 
1: "for candle flame, you said driving force is heat" 
C6.2: 'V a(so mean oxygen cv well.. av they diffemnt, oxygen apzd hed? Whct is the 
difference between oxygen aid hea? " 11 
1: "What do you think..? " 
C6.2: 'V think the chemicals in the ma6ch is the heaf.. I don't crtudly know whot chemicals 
av but I usually take heat av oxygen. " 
EXTRACT 3: From L6 interview with C16 
C 16.1 , in predicting what would 
happen to copper if put in the very hot bunsen flame, 
said: 'V expect it to lose its colour. the sivyive morted with the hed apzdyou got an oxide 
Ff there . 
1: "What do you mean by 'reacted witlY.. or a Teactiod? " 
C 16.1: 'A rextion hcffens when 2 substaxes come together apzd you get a msultfrom 
it-something comes out of it" 
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C 16.1: "Copper smjýre mcrted with the heat. " 
1: "What do you mean by term 'heaf.. " 
C16.1: "Heaf is when you got like a high tempemtwv really-it's hot air. when the dr is 
really hot, we expefience it ay heat. 
There were no evidence of this substantialisation of heat as hot air at the U6 interview 
with C 16. 
Like many other students, S20, C6 and C 16 had conceived of a chemical reaction as 
typically involving 2 substances coming together. The idea that it could involve just a 
single substance seemed remote or beyond the conception of these students. With the firm 
notion that chemical reactions typically involve 2 substances, where one reactant is 
imperceptible (e. g., oxygen in event 1), and where besides the perceptibility of the other 
reactant (copper in event 1), the flame or heat was also perceptible, it seemed 
understandable that flame or heat was thus conceptualised as a reactant, a substance, an 
active partner in the change. Then since school science had planted in the students' minds 
the idea that oxygen is needed for burning or the idea that where there is a flame, there 
is oxygen and vice versa, many of the students, especially those in school C (4 out of the 
9 interviewees, i. e., 44%, held this AQ had inferred for themselves that heat is a 
substance and that in fact heat is oxygen and oxygen is heat. 
It also seemed to this interviewer, that to some students (4) that flame or fire was 
something of a mystique or mystery; in some other cases (2), it appeared to be just a 
flame, like any other paraphenelia in the lab, such as a burette or pipette or an electric hot 
plate (no chemical reactions are involved). For example, L. 6 interviewee R2 when asked 
whether there were any chemical reactions going on in the bunsen flame, responded by 
saying that "Thereý no chemical recrtion but them is hea ad light given off-the 
met&ne.. just go bcrk into the a(mosphere again". When asked to how she imagined the 
light and heat were produced, she said, '71m.. wejust lanrn about ionisation eneqy.. when 
you give it heat, then when itjumps, it gives off heat apid light.. the electrons av moving 
so I suppose it could go bcrk again apzd you could get the gx again. " 
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Her statements illustrate how new knowledge associated with electron transitions could 
be over-emphasised and allowed to distort her existing conceptual fi-ameworks. From 
examination of GCSE syllabuses, it was evident that concepts of burning had been 
covered. Yet, she seemed to have totally ignored or forgotten about her old knowledge. 
Perhaps, this syndrome of allowing new knowledge to distort existing conceptual 
frameworks is a necessary step to acquiring scientific views. That this was true of R2 
could be seen at the U6 when she seemed to have acquired views closer to the chemist's. 
AC AM the conception of bun-fing as catching fire or simply, as heating, the 
application of heat; oxygen may or may not in involved as a 
reactant; if oxygen is involved, its role of oxygen was either 
unclear or misconceived; and the result of burning is not 
necessarily a chemical change. 
TABLE 4.6 
STUDENTS SUBSCREBING TO AC Alb 
U only L only U&L 
AC Alb: C4ýC65CI8 
buming is R411 R7 R2ýR6 
catching fire P20 P16 P105 
or simply, E3 EIE2, E5, E7, EI9 
heating S4, S6, SI8 S8, SIO S25S12, S20 
5 5 14 
It can seen be that this AC was revealed by 24 out of the 48 interviewees, 14 of whom 
revealed it at both U6 and L6. Five of them who held it at the L6 level, appeared to have 
made some progression and abandoned it. (As will be discussed later in chapters 8 and 
12, the abandonment of an AC cannot be regarded as a clear indication of overall 
progression, because it was could be accompanied by the acquisition of new ACs. ) 
This AC arises mainly as a result of the dominance of perceptual thinking, and the 
confusion between the everyday and the scientific meaning of the term 'burning, and is 
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clearly at variance with scientists' view of burning as the chemical interaction between 
particles in air (i. e., oxygen molecules) and the particles of the substance being burned, 
which results in the formation of new kinds of particles, constituting the oxides, and hence 
a chemical change. 
It also seemed to be associated with a naive view of chemical change as involving one 
active agent acting on a passive substance (which is at variance with the chemist's view 
of chemical change as involving the interaction of equal partners). Two opposite versions 
of this view were discovered: one group of students (10 of them) viewed oxygen as the 
active agent causing the change and the rest of the students generally viewed oxygen as 
a facilitator or helper of change (the permissive agentive role, in the terms of Brosnan, 
1992). 
A subset of AC Alb is the misconception held by a number of the students that oxygen 
is the active causal agent of burning. 
'Ihe group which viewed oxygen as the active causal agent conceptualised it in various 
ways, such as: 
S4.: "Oxygen is like aforce, it comes the C-H bonds (referring to methane in event 3) to 
bwak.. bonds has to be knocked off.. knocked qxýt " [Like many other students, she also 
revealed a conception of bonds as a physical entity (Chi et al, 1994, refer to the mental 
process as "coding the concept of 'chemical bond into the ontological category of 'matter' 
instead of seeing it as a constraint-based event and coding it into the ontological category 
of 'processes"'). 
Other students such as E7 held the view at both U6 and L6 that oxygen causes partial 
charges to be fon-ned in the C-H bonds in methane which then break. 
A further subset viewed oxygen as the facilitator of burning. 
E3.2 on event 2: "Oxygen helps in the but-ning.. if there is no oxygen, it will not bum You 
need three things in orJer to bwn. oxygen, fuel aid tempemtwv. " [E3 is interesting 
in that 
he did not conceptualised copper as capable of burning in event 1. He had a very 
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interesting theory about how metals like copper and magnesiurr4 will expand, trap oxygen, 
increase in weight and fon-n oxide but the process is a physical change and not a chemical 
one - see AC Alc, section 8.5.2, chapter 8]. 
(See also Case H, student El, in Appendix M which illustrates how this AC could co-exist 
with scientific views. ) 
The following extract illustrates the view of burning as merely catching fire and not 
necessarily involving chemical change: 
Student S20 (quoted in the preceding section as holding AC Ala) is not a untypical of the 
interviewees, by holding both ACs Ala and Al b at the same time. The following dialogue 
in the L6 interview illustrates AC Alb: 
1: "Do you think there are chemical reactions going on in the bunsen flame? " 
S20.1: Tunsenflome isjust the giz bw-ning.. I don't know if there's a chemical recrtion 
when the gas bums.. I don't think them is. " 
In the same interview, asked what she understood by the term bun-fing, she was unable 
to explain-but merely said (after a fairly long pause, ". er.. I don't know. just buming-I 
don't know. " 
[Tbe fact that she did not think that there is a chemical reaction involved in the gas 
(methane) indicated that she had the layman! s view of bun-fing as merely catching fire. ] 
At the U6 interview, in replying to the same question on the meaning of 'burning she 
saicL Tuming is when you get something in aflawe, it mduces it to xhes.. metals bzon 
to ayh or oxide but plxtics just melt when bzo? wd". 
Between the U6 and L6 interviews, she appeared not to have shifted from AC Alb, i. e., 
burning is essentially catching fire so that materials like plastic only melt when they are 
bumed. 
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AC Alc: metals do not bum 
Under this AC, there are 2 different variations in the thinking: 
In the first case, metals are seen as capable of forming oxides when put in the very hot 
bunsen flame but not capable of burning (ELI, E10.2, E6.2, R2.2, S20.2); in the second 
case, metals are seen as incapable of burning and hence, incapable of forming the oxide. 
Both variations in thinking had their roots in perceptual thinking; metals are not seen to 
'catch fire! in the way that materials like wood and paper do, hence metals are 
misconceived as incapable of burning (E3.1,2, E11.152, E17.1525 S18.2). 
It was interesting to note that the 4 out of the 5 students who thought copper would 
oxidise but not bum were female students; and that 3 out of the 4 students who thought 
that copper would not oxidise but would only melt were male students. In fact, there were 
another 2 male students R5 and R7 who initially maintained that copper would not oxidise 
but only melt. However, upon ffirther probing, they both abandoned this AC. (See also 
the discussion in the preceding section 4.2) 
The cases of the 4 students who conceptualised. the copper in event I as undergoing 
oxidation but not burning illustrates how school science views are superimposed upon 
naive or everyday views of buming (Gilbert, Osborne and Fenshmn, 1982). 
(NB. In the counting of KEs under aspect A in these cases, the full score of '2KEs' was 
scored (see Appendix C 'Key elements in the expected responses. ) At the same time, 
'IAC (viz. AC Al c) was counted. These cases illustrate how one would not necessarily 
expect a straightforward inverse relationship between KEs and ACs (See section 9.2, 
chapter 9 for more discussion on this issue. )) 
Students E3, E5 and E17, provide some interesting insights on this AC when they both 
insisted in the L6 and U6 interviews that copper would not oxidise or bum, and therefore 
would not undergo chemical reaction, but would merely melt, and vaporise, if heated to 
high enough temperatures. 
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For example, E3.1 maintained that his prediction was based on the kinetic theory of 
matter. (It was a pity that at both interviews, there was not enough time for the 
interviewer to perform the experiment to challenge him to review his conceptions. ) At the 
U6 interview, however, when talking in the context of wax and methane burning (events 
2 and 3), he submitted that metals like magnesium did get burned (and ': get heavier", he 
had "seen itfrom payt oTerience') but by a process different to that of wax and methane 
burning, and the product was magnesium oxide. Re reason he gave for the difference in 
the burning process of methane and magnesium was "the bonding of the structwv wX 
different.. methaneý covalent where electrons ae slmmd between the atoms but with 
metals .. positive atoms.. like a sea of electrons in between holding them together. very 
closely packed together. when you heat them, this heat eneqy caused these ions to 
vibrave. so the heat gets pavsed through the metal.. the metal ions getfuither qxK as they 
are vib"ing so oxygen might get trcpped in there.. magnesium oxide weighs mom than 
magnesium become it trcps oxygen somehow.. takes in oxygen. " 
At the U6 interview, E3 also explained why he thought metals do not bum in the same 
sense as wax and methane, which were burned to form carbon dioxide and water. He said 
it was the metal bonds in metals which allowed heat to pass through, without breaking of 
bonds (as evident from his statement on his understanding of the termchemical reactiod: 
"the breaking andfonnation of bonas within the sftwtwv.. them av structurd changes.. it's 
not just physical like when you heat something, it just expunas or increases in 
volume.. therefore if oxygen ý trqpped in hem.. in the metal.. itý not chemical reaction. . itý 
not reacted I think') whereas the covalent bonds in wax and methane "absorb heat aid 
break" This was how he imagined the process of change in event 2,, c-Hbonds absorb 
heat.. so at a centzin point where the electronsjwnped, excited. that ý the point where they 
break away aid come out. firee floating electrons.. atoms of hydrogen. . maybe some C-C 
bonds break as well 'cos wider heat enerTý, that ý possible.. these wandeting about and they 
react with oxygen.. if there ý enough oxygen present they fonn water aid carbon dioxide 
'cos itý stable.. if there isn't enough they fonn carbon monoxide". 
This AC is thus linked with the thinking that there is something different or'special' about 
the nature of bonds in a metal which prevent it from burning. This kind of thinking was 
also evident in the interview with S 18; and like many other interviewees, S 18 also seemed 
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to hold conftised and inconsistent ideas about burning and what it involved. 
An extract from the U6 interview with S 18: illustrating AC Al b: burning as catching fire; 
and AC Alc: metals do not bum because of the nature of bonds within them: 
1: "What do you predict if this copper is placed in the very hot bunsen flame? " 
S18.2: Welt.. bw-n to make copper(H) oxide" 
1: "Burn-what do you understand by the term 'burn' ... or'bun-fing? " 
S 18.2: "Set light to it.. when heat eneW.. one fonn of eneW being convened to another 
one using oxygen for combustion to keep it.. cos when you burn a candle in the absence 
of oxygen it won't burn ce all.. so when you use a candle which is like chemical eneigv 
and lightfrom chemical eneqy from mackyou're convetting thatfonn to heat and light 
eneW so burning is afonn of energv to liberwe hea" 
L" What happens to the oxygen during the burning? " 
S 18.2: T combines with wIxtever tha's being burned. they will conved to motherfonn 
of something to help the burning" 
1: "Can metals burn-like can copper bum? " 
S 18.2: "Copper. no, it can get. no copperjust get heated aid wamed. copper will be a 
heat conductor but it won't melt or burn like other elements like plaýtics become of the 
covdent bond or whatever. it would bwv and melt but metals don't.. metals in general 
anyway don't burn become metals got metallic bonding.. doesn't melt, they're just good 
conductor apid electrical conductor " 
Thus, superficially it seemed that S 18.2 had contradicted her very first statement (in which 
she predicted that copper would form copper oxide) when she later stated her belief that 
metals do not bum nor melt. However, further analysis of all her statements revealed that 
her difficulties was related to her lack of understanding of the concept of burning, as well 
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as her inability to see that metal or copper could undergo simultaneously several changes 
when heated, i. e., it could conduct heat and electricity, bum (i. e. react with oxygen to 
form oxide(s) at the surface mainly) and also melt. 
This inability to see that many different kinds of changes could happen at the same time 
to the same substance was connnon among the interviewees, and gave rise to several ACs 
about the phenomena presented to them for discussion. It seemed to this resexcher-cwn- 
interviewer, that nonformal thinking (or'one factor only' t)W thinking) or dichotomous 
thinking, i. e., things are either this way or that way, black or white, and there is no room 
for grey areas or for multiple possibilities was prevalent among the interviewees. 
AC Ald: wax does not bum, only melts 
TABLE 4.7 
STUDENTS SUBSCREBING TO AC Ald 
L only U&L 
AC Ald: wax C6 C41C I 05C 125C 149C I 6, C I 8, C20 
does not R2 
'D, C R45-L, %-6 
bum, P2, P4, P18, P20 P65PI05PI4 
only melts 
S4, S6, S8, SI2, SI8 S2, SI4, SI6, S20 
no. students 11 16 
This AC is very closely linked to AC Alb (burning is catching fire) and Alc (metals do 
not bum). The rather large numbers of students who subscribed to this AC, 27 out of 48 
or 56%, was very surprising. Out of these 27 students, 16 or 33% of all interviewees, held 
the same misconception through both interviews. It seemed ahnost incredible that sixth 
formers, who had studied chemistry formally for 3 to 4 years could think of the candle 
wax as not being involved in the burning process of the burning candle, and that it was 
merely melting (and solidifying, as mentioned by some interviewees), and that its ftmction 
is merely to hold up the wick, which was being burned. 
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Herein, the power of perception in the mental world of the students is demonstr-ated: the 
wax in the burning candle was not seen to be catching fire, therefore it was misconceived 
as not being involved in burning. 
It was noteworthy that none of the 13 male interviewees, held this AC, not even at the L6 
interview, while 16 out of the total of 35 female interviewees, (460/6), held the same AC 
at both U6 and L6 interviews (See section 4.2 on this researcher's hypothesis on the sex 
differences associated with AC Alc and AC Ald. ) 
For illustration of AC Ald, see cases III and IV, Appendix M 
AC Ale: burning always results in carbon dioxide being produced 
This AC was subscribed to by students: C 10.1,2, C 18.1,2, E 1.1 3E 17.1 ý R4. IýS 10.1. 
This AC is related to AC Alc (metals do not bum) and seemed to be related to the 
everyday view of burning - that materials like wood and paper (which contains carbon) 
can bum but not materials such as metals. For illustration of this AC, see cases 11 and IV, 
Appendix M 
AC AM role of solvent is unknown - chemicals dissolve in each other. 
This AC was subscribed to by students S8.1, SIM, S20.1 
This AC was covered mainly with respect to event 5b, adding of aqueous copper sulphate 
to aqueous sodium chloride. These 3 students maintained that no solids were seen because 
the products formed sodium sulphate and copper chloride which dissolve each other. 
This reflects either a lack of understanding of the role of water, the solvent or the use of 
perceptually dominated thinking where the role of water is ignored because it is not 
reflected explicitly in the chen&al equation. 
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GROUP Al ACs which show ideas of conservation and have some scientific 
basis, and arising mainly from the lack of understanding about the 
driving force of chemical reactions: e. g., ACs involving products 
and reactants which appear to be chemically possible but do not 
take place because of energy considerations 
AC A2a: when alkanes, bum, if the oxygen supply is insufficient, carbon 
monoxide instead of carbon dioxide will be formed, and/or 
hydrogen gas instead of water vapour 
This AC was subscribed to by students E2.1, E10.1,2, Ell. 1, P12.1, P14.15 P16.15 R5.1ý 
S14.2. 
For illustration of this AC, see case 11, Appendix M 
Most of the students who subscribed to this AC seemed to be using a logical deduction 
process, based on their knowledge of the fonnulae of carbon dioxide vis-a-vis that of 
carbon monoxide; water vis-a-vis hydrogen: the amount of oxygen in the fonnula of V02' 
suggested that carbon monoxide 'CCV would be fonned if there is insufficient 'CV present; 
likewise'H2' would be fonned, instead of U20 if there is insufficient oxygen. 
[In some other cases, e. g. S 12.2, this AC arose as a result of the dominance of perceptual 
thinVýing: ". waer can't be one of the products relecued into the dr. become you don't see 
droplets of water. can't be produced. you get H2not H20 it. ] 
Another manifestation of a Group A2 AC is the case of student S 10.1 who said that when 
sodium chloride is added to water, it forms sodium hydroxide and hydrochloric acid, and 
there is no more sodiwn chloride. 
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GROUP A3: ACs which show some ideas of conservation but otherwise have little or 
no scientific basis, 'where anything goes as long as the elements are in a 
soup': e. g., ACs involving impossible reactants or products 
AC A3a: when oxygen in air is used up in bun-ling, then carbon dioxide is 
used instead of oxygen 
This AC was subscribed to by students C 10.1,2, C 18.2. 
This AC is illustrated in case IV, student CIO, (Appendix M) as well as in the following 
extract from C 18.2 discussed under AC A3b below. 
AC AM: carbon dioxide, as well as oxygen or instead of oxygen, from the 
air is involved as a reactant in burning 
This AC was subscribed to by C6.1,2, C 12.1,2, C 16.1,2, C 18.1. 
AC 3a and 3b are extremely surprising, coming from students who had done well at 
GCSE and who had voluntarily opted to study chemistry at A-level. The involvement of 
oxygen as a reactant in burning is introduced early in the secondary science curriculum, 
yet these students seemed not to have grasped that fact. One could only speculate that 
perhaps, these students had confused burning with photosynthesis, which involves the 
intake of carbon dioxide. 
Ar' A3a and A3b are illustrated in the following extracts fTom the 1-6 and U6 interviews ]L%-ý 
with C 18: 
Extract from U6 interview with C 18: 
C 18.1: "The wac melts.. then the wick bwns.. " 
1: "Is anything produced? " 
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C 18.1: Teah, soot. block smoke coming up.. I think thce ý soot. 11 
1: "Anyd-fing else produced besides soot..? " 
C 18.1: "arbon dioxide maybe.. yeah. " 
1: "Where is the soot from? " 
C 18.1: 'May be.. from the carbon diox ide. - 'cos when it b wns in the oxygen and carbon is 
left over. it doesn't bum completely, so tha ý wha ý left over " 
1: "Can you write down a chemical equation to show what you think is happening in the 
candle flame-to show how soot is produced.. " 
C 18.1: "Okay.. You have hed over hem (writing the words 'HEAT above the arrow sign 
in the chemical equation) .. you get 
heat likeflan e.. you get the oxygen bwm so you're left 
w ith carbon.. don't know.. m ay be it ý carbon plus oxygen becaise them ý oxygen in the cdr 
a, ryway.. (writing'O + C02 ->C + 02) so thereý oxygen left over but doesn't bwv.. cos 
the flame uses oxygen to bum-doesn't use carbon-so the cabon is leftover 
product.. carbonated. so it makes the soot, ff 
1: "CO2.. where does C02on the left hand side of this equation come from? " 
C 18.1: "Comes from the dr. C02 in the cdr " 
[C 18 appeared to think that wax was not burned; instead it was carbon dioxide from the 
air as well as oxygen which was involved in the burning candle, that the carbon dioxide 
"bwm in the oxygen". - AC A3b] 
Extract from U6 interview with C 18: 
C18.2: "Yes, there ave chemical mcrtions in the ca7dleflane.. oxygen is bwning-product 
is carbon dioxide" 
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1: "Where does the carbon in carbon dioxide come from-.? " 
C18.2: "soot offlnme is arbon.. lots of ccrbon.. " 
1: "Where does the soot come from..? " 
C 18.2: " When there ý not enough oxygenforfl6me to burn completely, then c6rbon comes 
from thce. lf 
1: "Any other reactant besides oxygen T, 
C 18.2: "The wick is buming but I don It know wha it is made of . 11 
1: "Use 'WICK to represent the fonnula of the wick" 
C18.2: (writing equation 'WICK + 02 ->CO2 + C) 
1: "Where do these 'Cs' come from (referring to the 2 'Cs' on the right hand side of the 
equation written)? " 
C18.2: "Comefrom where them is incomplete buming of oxygen.. not enough oxygenfor 
complete buming so carbon is fonned" 
1: "All burning involves carbon dioxide as a product? " 
C 18.2: Wayes. l think so. " 
1: "All cases of burning involve carbon dioxide being formed? " 
C 18.2: "Yeck cmd other things av well but carbon dioxide mostly. " 
1: "Where does the carbon come from? " 
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C 18.2: " There is carbon diox ide in the cft osphem anound cmd when there ý not enough 
oxygen to bum, some of the carbon is bumed ay well.. itý like black sooty flame ao 
then. and it can make carbon dioxide aidfwe carbon.. which will be fonned ay soot " 
Between the 2 interviews, it appeared that C 18 did not noticeably shift from her 
conception of candle burning as involving carbon dioxide in the air. 
AC A3c: burning alkanes such as methane results in carbon monoxide 
(instead of carbon dioxide), hydrogen instead of water vapour) 
This AC was subscribed to by students C6.1, C 10.1,2, C 12.1, C 14.2, C 18.1,2, E2.1,2, 
E17.15 R6.1)25 R7.15 SIO. 1325 S12.25 S16.1,25 S20.2. 
It was also surprising that these A-level students were not aware of the extremely toxic 
nature of carbon monoxide, and could conceive of it being formed as the main product 
of alkane buming. 
This AC is illustrated in case IV, student CIO, (Appendix M). 
AC AM Other examples of 'anyffiing goes as long as the elements are in the 
SOUP 
Included in this group were students (E3.1, P 18.1, R7.1, S 10.1) who predicted correctly 
that magnesium would react with dilute HC1 to form hydrogen gas; but who then went 
on to suggest that the hydrogen gas would react with oxygen in air to form water or 
hydroxyl group (see case 1, chapter 12, student R7, who at the L6 interview suggested that 
the hydrogen evolved in event 4 would react with oxygen in the air to form hydroxy 
group). 
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GROUP A4: ACs which appear to show no ideas of conservation, but instead ideas of 
transmutation where particles, hence substances, are transmuted from one 
kind into another 
Prima facie there seemed to be some interviewees, e. g., C 10.1,2 (see case IV in Appendix 
M) who showed this category of ACs; however, there is a possibility that this AC is 
different to that held by younger students mentioned in studies such as Andersson (I 986a, 
1990). 'Ihere is a possibility that this AC could be associated with the inability to 
distinguish between what constitutes the reaction system and what its surroundings; as 
well as with the lack of understanding of the driving force of chemical reactions (i. e., 
understanding why it is that some substances will not react with each other at all, no 
matter how much heat is supplied whereas some will react readily even without any heat 
being supplied). In which case, these ACs should fall more appropriately into Group A3, 
which seemed more likely, since one would expect that by the sixth form, the 
interviewees concerned must have had some ideas of conservation and no ideas of 
transmutation. In any case, because students were generally used to writing equations to 
represent the chemical reactions involved, even if they were holding ideas of 
transmutation (Andersson's category 4), the very act of equation writing seemed to jolt 
them out of most of not all, transmutation thinking. 
AC A4a: copper when heated m air fonns copper oxide and soot etc 
This AC was subscribed to by students C 10.1,2, C 16.1,2, C 18.1,2 
This AC is illustrated and discussed in case IV, student CIO, (Appendix M). 
4.5. SUMMARY OF CHAPTER 
The analysis of students' responses on Aspect A, prediction on type of change, shows that 
generally students knew what reactants and products were involved in the change. 
For this group of students who have chosen to specialise in chemistry, such a result would 
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have been expected, since knowledge of reactants and products constitutes only a 
superficial knowledge of the chemical process. 
The results also show that while students knew what reactants and products were involved 
(i. e., included all or most of the KEs defined in the expected response), at the same time, 
they also held a number of ACs. In other words, there are no simple inverse relationship 
between the number of KEs and ACs counted (See chapter 9, section 9.2). 
Most of the ACs were found in the area of combustion reactions, where explanations or 
views reflected everyday meanings and perceptually dominated thinking rather than 
conceptual thinking (Driver, 1985). 
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CIUPTER 5 
STUDENTS'UNDERSTANDINGS AND ALTERNATIVE CONCEPTIONS YJM 
RESPECr TO ASPECr B, TYPE OF CHANGE PREDICIM 
5.0 OVERVIUEW 
This chapter examines the students' responses under aspect B, prediction about the overall 
energy change . 
Section 5.1 examines students' total scores on aspect B across events by school and by 
sex. 
Section 5.2 examines students' scores on aspect B by event by school and by sex. 
Section 5.3 examines students' alternative conceptions (ACs) associated with aspect B. 
The details on the scoring of KEs on students' responses on this aspect are given at 
Appendix D. The maximum KE defined per event is 3, so that over the 5 events, the total 
nwnber of KEs defmed was 5x3 or 15KEs. 
5.1 ANALYSIS OF STUDENTS' RESPONSES ON ASPEC`T B OVER AILL 5 
To examine the difference between schools in terms of the U6 and L6 KE scores; and in 
terms of progression W-L) scores, on aspect B across events, mean KE scores are set out 
in the following table 5.1. 
From Table 5.1 it can be seen that the differences in the progression recorded between 
schools are significant (p-<0.05); students from school E showed the smallest progression, 
while students from R made the greatest progression. 
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TABLE 5.1 
MEAN U6, L6 AND PROGRESSION SCORES ON ASPECT B BY SCHOOL 
School B-U B-L B (U-L) 
C (n--9) 2.2 0.2 2.0 
R (n--6) 8.2 0.8 7.3 
P (n=10) 6.0 1.6 4.4 
E (n-- 10) 3.8 2.1 1.7 
S (n-- 13) 5.4 1.8 3.6 
Average 5.12 1.3 3.8 
p 0.001 0.063 0.000 
It can also be seen the p values between the U6 and L6 scores decreased, suggesting that 
with increased formal instruction, the difference between schools became greater. 
To examine the difference between the sexes in ten-ns of the U6 and L6 KE scores; and 
in tenns of progression (U-L) scores, on aspect B across events, mean scores are set out 
in the following table 5.2. 
TABLE 5.2 
WAN U6. L6 AND PROGRESSION SCORES ON ASPECT B BY SEX 
Sex B-U B-L B (U-L) 
FEMALES (n--35) 4.5 1.2 3.3 
MALES (n--13) 6.2 1.9 4.2 
p 0.091 0.183 . 
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From table 5.2 it can be seen that at the L6 although the boys did better than the girls on 
aspect B, there were no significant difference between their scores. However, with 
increased fonnal instruction, the p value decreased, suggesting that the boys progressed 
more than the girls with formal chemistry instruction (though not significantly so 
(pýO. 05)). 
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5.2 ANALYSIS OF STUDENTS' RESPONSES ON ASPECT B BY EVENT BY 
SCIML 
To examine the difference between the schools in terms of the U6 and L, 6 KE scores on 
aspect B by event, mean scores are set out in the following table 5.3. 
TABLE 5.3 
MEAN U6 AND L6 SCORES ON ASPECT B BY EVENT BY SCHOOL 
Sc BIU BIL B2U B2L B3U B3L B4U B4L B5U B5L 
c 0.5 0.1 0.4 0.0 0.4 0.1 0.4 0.1 0.4 0.0 
R 2.0 0.2 1.8 0.1 2.1 0.3 1.4 0.1 0.6 0.1 
P 1.5 0.3 0.9 0.4 1.7 0.8 1.0 0.3 0.8 0.1 
E 0.8 0.3 0.9 0.5 1.3 0.7 0.5 0.3 0.2 0.2 




. 032 . 063 . 044 . 006 . 042 . 014 . 742 . 153 . 362 
From table 5.3 it can be seen from the generally decreasing p values (except event 2) that 
with increased fonnal instruction, the differences between schools became more significant 
(i. e., at the U6 scores, the gap between the schools generally became greater). Also at 
both U6 and L6 levels, there were significant differences (P:! ý0.05) between schools on 
aspect B scores in events 1,2 and 3; and in event 4, only at the U6 level. 
It can be seen that across each of the events, it was either school R or P or both that made 
the greatest progression on this aspect, whereas it was either school C or E or both which 




NEAN U6 AND L6 SCORES ON ASPECT B BY EVENT BY SEX 
Se- 
x 
BIU BIL B2U B2L B3U B3L B4U B4L B5U B5L 
F 1.2 0.4 0.8 0.2 1.2 0.4 0.6 0.1 0.5 0.0 
M 1.5 0.3 1.3 0.4 1.8 0.5 1.0 0.3 0.3 0.2 
p . 227 . 701 . 076 . 135 . 041 . 475 - 149 . 147 . 352 . 019 
From L6 to U6, the p values in Table 5.4 decrease in the combustion reactions (events 
2 and 3), suggesting that boys progressed more with fonnal instruction. The data in 
Table 5.8 also seem to suggest that boys generally did better than girls on aspect B, and 
in particular in event 3, the bunsen flame where the difference was significant (p:! ý0.05). 
5.3 STUDENTS'ALTERNATIVE CONCEPTIONS ASSOCIATED NWNLY M4TH 
ASPECT' B, PREDICTION ON OVERAILL ENERGY CHANGE 
A list of the alternative conceptions (ACs) elicited in association with aspect B, prediction 
on overall energy change is given at Appendix H. This section discusses some of the more 
prevalent ACs. These ACs are placed in the following 3 groups: 
Group B I: ACs arising mainly from the dominance of perceptual thinking. Some ACs 
in this category could also be put in Group B2. 
Group B2: ACs arising from over-generalisation or 'one factor only t)W reasoning 
(i. e., ACs arising from lack of comprehensiveness in reasoning) 
Group BI ACs associated with misconceived ideas about the nature of bonds; and 
wrong direction of energy change involved in bond breaking and bond 
making 
The same notations as those described in chapter 4 are used to indicate the students and 
mterview sessions, whether L6 or U6. 
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GROUP BE ACs arising mainly from the dominance of perceptual difiiking. Some ACs 
in this category could also be put in Group B2. 
AC Bla: a reaction must be overall endothennic if heat/heating is needed; 
conversely, if heat is not needed then the reaction must be 
exothen-nic and spontaneous. 
TABLE 5.5 
STLTDENTS SUBSCRIBING TO AC BI 
U only L only U&L 
AC Bla: a C12 C8 C20 
reaction is R2 RlIR7 
overall endo if P20 NýP 18 P12 
heat is needed; El E7 
exo if SI, S7, SIO, SI6, SI8, S20 S6 
spontaneous 2 11 6 
Here students who held this AC seemed to be governed by perceptually dominated 
diinking (e. g., If a piece of copper needs to be placed in a very hot bunsen flatne to bring 
about chemical change, then there must be net absorption of heat in the reaction; the 
concept of energy barrier which needs to be overcome, and the related concepts of bond 
breaking and bond making seemed to be excluded in the reasoning) or 'one factor only' 
type reasoning where only spontaneous reactions are seen to be exothermic. (Note: there 
was a common mis-uriderstanding amongst these students of the term 'spontaneous' when 
applied to chemical reaction). 
Nineteen or 40% of all interviewees showed this AC, 8 of whom were in U6, and 6 held 
it at both U6 and L6. 
This AC is illustrated in cases I at chapter 12 and II at Appendix M and also in the 
following extract from the L6 interview with student S I, who responded thus when asked 
to predict the overall energy change in event 1: T doesn't give oul hed; it's endothennic 
rextion apid the reizon is.. it hcs to be becaae you need the bunsen bw-ner heat for t&t 
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recrtion to absorb the heaf for the maction to take place. -it isn't exothel7nic, it is 
endothetmic. 11 
At the U6 interview, SI did not shift from his prediction of an overall endothermic 
reaction although his reasons became more elaborate and different. His reason was 
essentially that "itý eneqy thafonns the bonding [Note the imprecise language, the lack 
of distinction between the tenns 'bonds' and 'bonding . ].. the binding eneqy thas called , 
[Note the confusion with nuclear binding energy and the misconception of energy as 
bonds. ] This U6 response is categorised as an example under AC B3a, under which a 
fuller quote is given. 
GROUP B2: ACs arising from over-generalisation or one factor only type reasoning 
(i. e., ACs arising from lack of comprehensiveness or depth in reasoning) 
AC B2a: a reaction is overall exothermic because heat is given out from the 
excitement of electrons/molecules; a reaction is overall exothermic 
because chemicals give out energy. 
[This view is at variance with the chemist! s view that it is the interaction of chemicals in 
bond formation that results in energy release and not that chemicals by themselves release 
energy. ] 
TABLE 5.6 
STUDENT'S SUBSCRIBING TO AC B2a 
U only L only U&L 
AC 132a: C6 CIO, CI2, CI8, C20 
excitement of R5 
electrons/ PIO, P20 P18 
molecules; ElO E5, EI7 
chemicals S75SI05SI8 SI, SI6 
release energy 7 9 
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17 (351/6) of students subscribed to this AC, of which 10 (210/,, ) are at U6. 
This AC is illustrated in case IV, Appendix K- and in the following extract of the L6 
interview with student Sl: 
Sl on aspect B, event 2: ytý giving out heaf so itý exothennic mcrtion. " 
1: "Where is heat given out from? " 
S 1: "The heat is comingfrom the pauffin (i. e. the candle wax) which is being bioned in 
oxygen ad that isproducing mom and more hea. palf'in itself is an exothennicmaction, 
meaning that it will give out heatfrom the chemicals tha it has in the pa-qffin itself " 
1: "Chemicals in the paraffm give out heat 
S 1: "The heat is stored in the pauffin, the chemicals in the par: 3(fin and they are stored 
aid they ae mleaved by. -if you put pauffin ay you put it them in the actual candle, 
nothing occw-s but beccwe the pa4fin hx got chemicals inside it, you need to have a 
heat to kind of actually bmak away these chemicals to fonn into otherfonns of eneqT, 
one is light eneqD), othets heat enetýCv, etc. so yes if you ayk me whem the hea comes 
from, heat comesfrom the xtualpa*fin itse#r, the actual chemicaIs thm aT stored in the 
patffin itse#' but it will not be able to react unless you have hea to be able to push the 
maction like how you push dominoes, so the hea actually comes from heating W the 
chemicals in the pa4fin itself Ff 
This AC reflects a lack of comprehensiveness or depth in reasoning. Whle heat released 
during an exothermic process is associated with the electrons, it is the result of electrons 
falling from higher to lower energy levels, a consequence of bond making in the system 
in question. 'Iherefore to view the heat released in the reaction as being given out by 
electrons (or by excitement of molecules or, more globally by chemicals) is misconceived 
or inadequate. 
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Another example is the following response by U6 interviewee, C6 when asked to predict 
the overall energy change for the bunsen flame reaction: "The reaction is ovenil 
exothennic become of the heat given out by oxygen. 11 Later, she modified her answer by 
saying that heat was also released by the fuel, methane. Later on the same question on the 
overall energy change of the Mg-HCl reaction, she said, T is overall exothennic like the 
previous 3 reactions (refening to events I to 3).. the activation enefgy comesfrom the HCI 
acid, which has eneqy like the oxygen. " 
AC B2b: overall there is no energy change if munber of bonds broken equals 
number of bonds made; a reaction must be overall endothermic if 
one of the bonds to be broken is very strong, eg the bond within 02 
molecule; a reaction must be overall exothermic if one of the 
products is very stable (or more stable) than one of the reactants 
This AC was revealed in interviews: C8.2, EI. 2ý P12.25 P18.15 R4.25 S2.2, S14.15 S7.2 
(Total = 8/48 = 17% of all students). 
Here again, this AC arises mainly from 'one factor only' type of reasoning, 
incomprehensive and shallow reasoning which does not take into consideration all relevent 
factors involved, for example, the overall energy change depends on several factors not 
just the relative ntunber of bonds made and broken; the relative strengths of all the bonds 
made and broken are also involved. 
(See cases I at chapter 12 and 11 at Appendix M for illustrations. ) 
AC B2c: confusions between kinetic and thertnodynamic stability eg a 
reaction is overall endothermic if a solid (wax) is being changed 
into a liquid and a gas (water and carbon dioxide) because gas is 
less stable than liquid which is less stable than a solid; bunsen 
flame releases more energy than a candle flame because a reactant 
in gas form has a lot of energy; a gas (like methane) is unstable so 
it is more easily broken down by oxygen than solid wax 
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This AC was revealed in interviews: E1.2, P2.1, P18.1, P20.1. 
This AC could also be related to the use of 'one factor only, reasoning as well as 
confusion between thennodynamic and kinetic stability. A gas could be 
thennodynarnically less stable than a solid but it could be kinetically more stable if the 
energy barrier or activation energy required for it to react is higher than that of a solid. 
GROUP B3: ACs associated with misconceived ideas about the nature of bonds; 
and wrong direction of energy change involved in bond breaking 
and bond making: 
AC B3a: bonds release energy when broken, absorb energy when made; 
energy is needed to form bonds; bonds store energy; energy holds 
or binds atoms together; the bond is basically energy which holds 
atoms together. 
TABLE 5.7 
STUDENTS SUBSCRIBING TO AC B3a 
U only L only U&L 
AC B3a: bonds C12, CI4,, CI6,, CI8 C81CIOýCI. 6 
release energy EIO Ell E3, E5, El7, El9, E2 
when broken, P14 PIO P2, P16 
absorb energy RIIIR4 R2 
when made S8, SIO SI, SI l, S2, S4, S6, SI8 
6 6 17 
29 (60%) of students subscribed to this AC. 
This AC is illustrated by case IV, Appendix K- also in the following response made by 
SI during the U6 interview, when asked to predict the overall energy change of the 
reaction between copper and oxygen: 
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S 1.2: T has to accept enetýCv before reaction can take place; I'd say endothenn ic because 
you have to give it enetNy for the maction to take place but the revetse, bmak this down 
probably gives out energv.. it takes in enetgv to produce the oxide-so endothennic 
reaction. - but when they sepaw it mlease enetýy because it consists of enetýy; you know 
itý the eneqy thatfonns the bonding.. the binding enetýT thc6 called 11 
Among the students who held this AC, some wavered constantly between the correct and 
incorrect view of the direction of energy change. 
It seemed that while they learned from their lessons on thermochemistry or energetics or 
organic chemistry that bonds require energy to break them, they could not shake off their 
preconceived notion that bonds comprise energy. This naive notion seemed to be derived 
from their view that something must be holding atoms together, and that something is 
energy; since they were told that bonds hold atoms together, they drew the inference that 
bonds must comprise energy. In their mental schemas, it means that when bonds are 
formed, energy must be absorbed; and converse to that, when bonds are broken, energy 
must be released. 
Ihe following extract of the L6 interview with S18 illustrates the point, although here 
there was a slight variation; here energy was thought of as holding the bonds not 
constituting the bonds: 
S18.2 on event 3: "When bonds av broken it relexes enely.. I mean itý eneqýv that's 
holding the bonds together. you need energý to hold the bonds together, so when you 
bmak the bonds, you releaw eneqy. " 
Such naive views are contrary to scientists' views. From the scientific perspective, when 
bonds are make, energy is released, and to break bonds, energy needs to be absorbed. 
There were also a number of students, e. g. S6.1, STI, who tried to incorporate the 
scientific view into their preconceived view, as illustrated in the following statement by 
S6.1 on event 3: 'Tou need a little bit of energv to break the bonds between the carbon 
aud the hydrogen but once they ar broken then it releases energý. " 
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The naive view that bonds which comprise energy hold atoms together seemed to have 
arisen and/or been reinforced in a some way. For example, some students seemed to 
reason along these lines: "Energy is the capacity to do work. Therefore, if there is 
something between 2 atoms doing the work of holding them together, that something must 
be energy. Hence, chemical bonds are nothing other than energy.,, 
In some other cases, the ACs could arise as a result of unclear statements, models or 
analogies used by textbooks or teachers. For example, analogies drawn between elastic 
springs and bonds for instance could be a source of this AC. In the students' analogous 
reasoning, if springs store potential or elastic energy, then bonds must also store energy. 
This means that bond making must be an endothermic process; and its converse, bond 
breaking must be an exothermic process. 
AC B3b: energy given off during bond making is energy which was put in 
to break bonds which it no longer needs 
This AC was often revealed by the same students who held AC B3a, the previous AC. 
The interviewees who subscribed to this AC are: R2.2, S8.2ý SIO. 2, S16.1 (Total = 4/48 
8.5% of all students). 
This AC is very closely related to the AC B3a in that although there is the recognition 
that energy is released during bond making, and that energy is absorbed during bond 
breaking, there is no (real) understanding. Hence, the energy that is released during bond 
making is conceived of as just the leftover of the energy which had been taken in to break 
bonds, which was subsequently released when bonds are made 
The following interview extract illustrates this AC: 
S8.2 on why heat is released in event 1: "- becatue like I scdcl eneqy ý taken to break 
that bond. it ýa lot of energy. - apid so the energy which is a 
lot to break the bonds is used 
to make these two to bond together and because it doesn't take the same conount of eneigy 
to make these two bonds ay it does to bmak those two bonds, there's eneqýy in excess, so 
thctý given out " 
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AC B3c: energy is required to break and to make bonds 
Again this AC is very closely related to AC B3a, and was often revealed by the same 
students who also revealed AC B3a. This AC was revealed in interviews: E5.1 ý2, C 16.1 ý25 
E17.1ý25 S2.1525 S18.1 (total = 5/48 = 10% of all students). 
This AC seemed to arise again from the view of chemical bond as a physical link, the 
constructing and breaking of it requires energy input. Included within this AC is the view 
that heat energy is needed or absorbed to initiate or to begin the bond breaking process. 
But once bond breaking begins, energy is then released by the bonds which are breaking 
up (AC B3a). 
AC B3d: a covalent bond is weaker than ionic or metallic bond 
This AC was revealed in interviews: C12.1,2, PIOAý R2.2ý R5.1, SI. 1 (total = 5/48 = 
10% of all students). 
This AC seemed to arise from two different ways of thinking. Firstly, the thinking that 
covalent compounds tended to have lower melting and boiling points than ionic 
compounds, therefore, covalent bonds must be weaker than ionic bonds. Secondly, the 
thinking that bonds formed between atoms (or elements) which are very different (or 
opposite) in nature (such as one is electropositive and electronegative) are stronger than 
bonds formed between atoms (or elements) which are similar in nature. 
5.4 SUNEVIARY OF CIMPTER 
The results of students' responses on aspect B show that students were generally weak in 
this area of energetics. 
Three categories of ACs associated with aspect B are identified. These were concerned 
with the use of perceptual difilking; the use of incomprehensive or shallow diffiking and 
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having misconceptions about the nature of bonds. 
A large number of students were unable to predict the overall energy change because of 
their misconceptions about the nature of a chemical bond. For a large number of the 
students, the chemical bond was seen as a physical entity. This notion of a chen-Acal bond 
as matter is then linked to the everyday notion that the construction of any structure 
requires energy input; and its converse, the destruction of any structure releases energy, 
to form the bases for the prevalent AC that bond making requires input of energy and 
bond breaking releases energy. In other words, the notion that bond making requires 
energy input may be the result of extrapolating views about events in the macroscopic 
world into the microscopic world - in the macroscopic world, energy is needed to make 
things, therefore in the microscopic world, energy is also needed to make bonds! 




STUDENTS'UNDERSTANDINGS AND ALTERNAUVE CONCEMONS NNM 
RESPECr TD ASPECr Cý HOW THE PJFACIION TAIKES PLACE 
6.0 OVERVIEW 
This chapter examines the students' responses under aspect C, how the reaction takes 
place. 
Section 6.1 examines students' total scores on aspect C across events by school and by 
sex. 
Section 6.2 examines students' scores on aspect C by event by school and by sex. 
Section 6.3 examines students' alternative conceptions (ACs) associatedlAith aspect C. 
The details on the scoring of KEs on students' responses on this aspect are given at 
Appendix G. The maximum KE defined per event is 4, so that over the 5 events, the total 
nw-nber of KEs defmed was thus 5x4 or 20KEs. 
6.1 ANALYSLS OF STUDENTS' RESPONSES ON ASPECr C OVER 5 NLMN 
To examine the difference between schools in terms of the U6 and L. 6 KE scores; and in 
ternis of progression (U-L) scores, on aspect C across events, mean scores are set out in 
the following table 6.1. 
From Table 6.1, it can be seen that between U6 and L6, the p value decreased showing 
that the significance of school effect increased with fon-nal instruction, i. e., schools P and 




MEAN U6, L6 AND PROGRESSION SCORES ON ASPECT C BY SCHOOL 
School C-U C-L C (U-L) 
C (n--9) 4.7 1.8 2.9 
R (n=6) 8.0 2.3 5.7 
P (n=10) 11.3 3.8 7.5 
E (n=10) 6.4 3.3 3.1 
S (n--13) 6.6 3.3 3.3 
Average 7.4 2.9 4.5 
p 0.001 0.250 0.005 
To examme the difference between the sexes in tenns of the U6 and L6 KE scores; and 
in tenns of progression (U-L) scores, on aspect C across events, mean scores by sex are 
set out in the following Table 6.2. 
TABLE 6.2 
MEAN U6, LO AND PROGRESSION SCORES ON ASPECT C BY SEX 
Sex C-U C-L C (U-L) 
FEMALES (n=35) 7.0 2.6 4.4 
MALES (n=13) 8.3 4.1 4.2 
p 0.294 0.032 . 881 
From table 6.2. between U6 and L6, the p value increased, showing that the gap between 
the sexes became less significant with formal instruction. In other words, at L6 the boys 
did significantly better than the girls but the girls seemed to have benefitted more from 
instruction. 
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6.2 ANALYSIS OF STUDENTS' RESPONSES ON ASPECT C BY EVENT BY 
SCHOOL 
To examine the difference between the schools in terms of the U6 and Lb KE scores on 
aspect A by event, mean scores are set out in the following table 6.3. 
TABLE 6.3 
MEAN U6 AND L6 SCORES ON ASPECT C BY EVENT BY SCHOOL 
Sc Clu CIL C2U C2L OU CM C4U C4L C5U C5L 
C 1.3 0.7 0.4 0.0 1.3 0.2 0.7 0.3 0.8 0.4 
R 1.8 0.9 1.6 0.3 2.0 0.5 1.8 0.2 0.8 0.3 
p 2.4 1.4 2.0 0.6 3.1 1.2 2.2 0.2 1.5 0.5 
E 1.2 0.5 1.7 1.1 2.1 1.2 0.7 0.2 0.4 0.2 
s 1.7 1.2 1.4 0.2 1.7 0.7 0.9 0.6 0.7 0.4 
Av 1.67 0.94 1.42 0.42 2.04 
' 
0.76 1.26 0.30 0.84 0.36 
P . 060 . 071 . 072 . 005 . 000 J . 029 . 004 . 123 . 180 .5 82 
The p values in table 6.3 generally decrease from L6 to U6 (except event 2), suggesting 
again that the difference between schools became greater with increased formal 
instruction. Again the data shows that at the U6 level, schools R and P (and to some 
Pvt 
extent S) generally did better than schools C and E (except for events 2 and 3, involving 
the flames when school E with proportionally more boys seemed to do better than school 
S, which had proportionately more girls). 
To examine the difference between the sexes in ten-ns of the U6 and L6 KE scores on 
aspect C by event, mean scores are set out in the following Table 6.4. 
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TABLE 6.4 
MEAN U6 AND L6 SCORES ON ASPECT C BY EVENT BY SEX 
Se- 
x 
Clu CIL C2U C21, OU 
I 
CM C4U C4L C5U C51, 
F 1.6 1.0 1.2 0.2 2.0 0.7 1.1 0.3 0.9 0.3 
M 1.8 0.8 2.0 1.0 2.1 1.2 1.5 0.4 0.6 0.4 
p . 674 . 642 . 056 . 
000 . 732 . 069 . 226 . 393 . 351 . 523 
Table 6.4 shows from L6 to U6, the p values in events 1 to 3 increase, showing that while 
overall the boys did better on aspect C in these 3 events where flarnes, are involved, the 
significance became smaller with fornial instruction, i. e., the girls seemed to be catching 
up with the boys. 
6.3 ALTERNATIVE CONCEMONS ASSOCIATED NWNLY YQTH ASPECT Cý 
HOW TW REACTION TAIKES PLACE 
71he ACs associated with aspect C can be grouped as follows: 
Group Cl: ACs associated with confusion between elements, mixtures and 
compounds; between particles of a substance and the substance itself, 
between oxidation numbers and electrical charges; between 
electronegativity/electropositivity and electrical charges; 
Group C2: ACs associated with confusion between different t)Ws of bonding, 
especially between ionic and covalent bonding. 
Group C3: ACs associated with confusion about the role of water as a solvent in 
reactions involving solutions; the solvation effect of water, the nature of 
ionic equilibrium involving sParingly soluble salts and the chemical 
energetics involved. 
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In effect, since all these categories of ACs are related to the global concept of bonding 
and the effects intertwine and work together in producing a multitude of concepts 
differing from the scientific concept it is difficult to make definite demarcations between 
the ACs in the above categories as they are revealed in the interviews. 
These various ACs are illustrated in the 4 case studies presented in chapter 12 and 
appendix M and in the extracts at the end of this chapter. As one extract can illustrate 
ACs from more than one of the above 3 groups smee many students displayed much 
confusion on this aspect, it is more appropriate to give them only at the end, after the 
statements or descriptions of the various main ACs and their occurrences have been 
discussed. 
GROUP Cl: ACs associated with confusion between elements, mixtures and 
compounds; between particles of a substance and the substance 
itself; between oxidation numbers and electrical charges; between 
electronegativity/electropositivity and electrical charges 
AC Cla: confusion between elements, mixtures and compounds; particles and 
substances; oxidation numbers and electrical charges; 
electronegativity/electropositivity and charges 
This AC is associated with various confusions such as: 
* 
* 
lack of understanding of the concept of chemical reaction itself (as found in other 
studies of students aged 15 and below, eg Briggs and Holding, 1986; de Vos, 
1985). Here students seemed to think that the properties of substances are 
conserved even after a chemical reaction; eg the reactivity of sodium is conserved 
in aqueous sodium chloride. 
lack of differentiation between, say sodium as an unrelated element and its form 
in solid or aqueous sodium chloride (Or it could be confusion between mixtures 
and compounds. Here, students could be diffiking that the properties of sodium in 
the form of aqueous NaCl are the same as the unreacted sodium); e. g., when 
students view event 5 as involving a more reactive element (ie sodium) displacing 
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a less reactive one (ie lead). For illustratiOn of this AC, see cases I in chapter 12 
and IV in Appendix M 
when oxidation numbers are taken as meaning the same thing as electrical charges; 
this is manifested through the large numbers of students who postulated that in 
event 3, the result of breaking the C-H bonds is to produce carbon with 4 positive 
charges and hydrogen with a negative charge (others postulated that it was the 
other way round, yet others suggested that it results in both carbon and hydrogen 
having positive charges while oxygen has negative which then combine to give 
carbon dioxide and water. (Ihe postulation of full or partial charges is 
inappropriate for the combustion of methane which is more likely to involve free 
radicals. ) 
some students confuse electropositivity with having positive charge itself, so that 
they conceptualise magnesium ribbon existing as Me 
lack of differentiation between particles themselves (atoms, ions and molecules); 
and also between particle and substance - e. g., students refer to chlorine atoms in 
dilute HCI reacting with magnesim instead of referring to chloride ions and 
magnesium atoms. 
TABLE 6.5 
STUDENTS SUBSCRIBING TO AC Cla 
U L U+L 
AC Cla: C8, CI6 CIO, CI2, CI4, CI8 
confusion bet. E2ýE19 E31E17 EIXI I 
element and P8, PI2, PI6, PI8 1? 2ý1? 14 
compound/ R2 R5, R7, R4 
oxidation no. S16 S125SI8 S7, SI 1, S6, S8, SIO, SI4 
charges5 etc. 4 14 14 
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31 interviewees held AC Cla; 10 of whom thought that the combustion of methane 
involved the formation of charged carbon, hydrogen and oxygen particles. (C4.2, C6.25 
EI. 25 E3.25 E7.1ý25 E19.1525 P20.2) R2.25 S4.25 S6.2). 
CRIQU C2: ACs associated with confiision between different types of bonding, 
especially between ionic and covalent bonding. 
AC C2a: confusions between covalent and ionic bonding, which are 
manifested in various forms such as: 
confusion about the term 'electronegativity'; ionic compounds are formed by an 
atom or ion, e. g. 0, U-, Cl, Cl- donating electrons to another atom or ion e. g., 
Cu, Ce, Mg, Me because the donor has many/more electrons compared to the 
receiver; C02 is ionic, a carbon atom gives each oxygen atom 2 electrons. 
an ionic bond, e. g., Cu-0, is formed by one atom, e. g. copper, donating electrons 
to another atom, e. g. oxygen, which they then share; ionic bonding illustrated by 
dot and cross diagrams which really showing covalent bonding, e. g. in solid 
sodium chloride, sodium and chlorine share electrons. 
an ionic bond is formed when a positive and a negative charge come together to 
cancel out/neutralise each other, resulting in the fort-nation of neutral molecules; 
ionic bond means positive and negative attract no swapping of electrons. Here the 
ionic bond is conceived of as the cancelling out or neutralisation of charges 
between oppositely charged ions instead of electrostatic Coulombic attraction 
between opposite charges; misconception here could arise as a result of confusion 
between dipole moments and ionic charges or between oxidation numbers and 
ionic charges. 
in ionic compounds, bonds within molecules are stronger than bonds between 
molecules; molecules are held by VdW forces/bonds. 
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a metal and a nonmetal share one or more electrons each to form a covalent 
compound; if there is a big difference in the number of outer shell electrons then 
covalent bond is likely; a covalent bond is formed by one electron shared between 
two atoms, i. e., one atom donates the one electron to share, the other atom does 
not contribute any electrons. 
Students seemed to fmd the concept of ionic bond difficult and to think of covalent bonds 
as the only valid bonds; thus even bonding between a metal and a nonmetal is conceived 
of as covalent. 
TABLE 6.6 
STUDENT'S SUBSCREBING TO AC C2a 
L U+L 
AC C2a: C6, C8, CIO, CI2, CI4, CI6, CI8, C20 
confusion ElO EI, E3,, E5, EI7, EI9, E2, E6 
between ionic P43P14ýP18 P12! OP20 
and covalent RIR7, R4, R6, R51 R2 
bonding S7, S12 S1, SI l, S2, S6, S8, SIO, Sl6, SI8, S20 
10 28 
AC C2a was held by 38 students (79%) of the sample of whom 28 held it at both U6 and 
L6. 
See all 4 cases at chapter 12 and Appendix M for illustrations of this AC. 
AC C2b: confusion about various types of bonds, inter and intra-molecular 
bonds, Van der Waals bonds, e. g., in a metal Van der Waals bonds 
hold the atoms together; between different layers of atoms in a 
metal are Van der Waals forces. 
This AC seemed to arise as a result of the confusion between giant molecular structures 
such as that of graphite, with giant metallic structures. 
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This AC was held students C 10.2, E3.1, E 19.1, S6.1, S8.1, S 11.1 ( total = 6/48 = 12.5%) 
This AC is illustrated in case IV, Appendix M 
GROUP C3: ACs associated with reactions in solution such as the solvation effect of 
water, the nature of ionic equilibrim involving sparingly soluble salts and 
the chemical energetics involved. 
AC C3a: dissolved substances e. g., HCI, NaCl fonn separate ions (or 
molecules) with ionic (or covalent) bonds still there, i. e., ions are 
not free (or water breaks inter- but not intra- molecular bonds in 
dissolved salts). 
TABLE 6.7 
STUDENTS SUBSCRIBING TO AC C3a 
L U+L 
AC C3a: dissolved C20 C8, CIO, CI2, CI4, CI6, CI8, 
substances form E7, El9 E 1, E3,, E5, E I 15E I 75E2, E6, E 10 
ions but ions are not P4, P12, PI8, P20 P2, P6, P8, PI4, PI6 
free, etc. R15R7 R25R4, R6 
S6 Sl, S7, SI 1, S2, S4, S8, SIO, 
S12, SI4, SI6, SI8, S20 
10 34 
This AC was held by 44 (92%) of the sample, of whom, 34 (71%) held the AC at both 
interviews. 
This AC is illustrated in all 4 cases discussed in chapter 12 and Appendix M 
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AC C3b: events 4 and 5 are seen as involving the displacement of something 
less reactive by something more reactive or seen as preferential 
attraction - chlorine preferentially bonds with magnesium, leaving 
hydrogen on its own; attraction between sodium and nitrate breaks 
lead-nitrate bond 
TABLE 6.8 
STUDENT'S SUBSCRIBING TO AC Ob 
u L U+L 
AC C3b: ev. 4& C6 C8,, CIOCI2, CI4, C16, CI8 
5 due to E6 EI, E3, E5, EII, EI7, E19, E2, 
preferential P6 P2, PIO, PI2, PI4, PI8 P85PI6, P20 
attraction RI, R5, R7, R2 R4, R6 
preferential bet S12 Sl,, S7, Sl 1, S2, S4, S6, S8, SlO, 
S14, )S20 
Mg & Cl, Na & nitrate 4 9 28 
AC. Ga and Ob are very similar; they have their roots primarily in the lack of 
understanding or confusion about the solvation effect of water and/or the ionic equilibrium 
involving sparingly soluble salts md chemical energetics (as well as, possibly, confusion 
between mixtures and compounds). Thus, it is not surprising that most of the students who 
held AC Ob also held AC C3a. 
See cases I in chapter 12 and 11 and IV in Appendix K for illustrations of AC Ob. 
AC C3c: in the aqueous medium, H-Cl bond undergoes hornolytic fission, 
i. e., when the H-Cl bond breaks, H comes off with I electron and 
Cl with 7 electrons in their outermost shells respectively; Mg loses 
electrons to Cl forming Mg-Cl bond in solution. 
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TABLE 6.9 
STUDENT'S SUBSCRIBING TO AC C3a 
u L U+L 
AC C3c: C18 
H-Cl bond E3, E7, El I EI, E6, EIO 
evenly P45P18 PIO, PI2 P6, PI6, P20 
when Mg is R4 R5 
added S18 S20 SI, S7, S2, S4, S6, SIO 
5 6 13 
This AC was held by 24 (50%) of the sample. Of these, 18 (38%) were U6 interviewees; 
and 13 (27%) held this AC at both interviews. 
This AC is illustrated in cases 11, IH and IV, Appendix Nt. 
AC C3d: water, the solvent, in event 4 and/or event 5 plays no significant 
part; reaction is faster or the same if water is absent 
TABLE 6.10 
STUDENTS SUBSCREBING TO AC Od 
u L U+L 
AC C3d: water C18 C20 CIOCI45CI6 
plays no part; E2 E6 
rate higher P20 P8ýPIOPI6 P4 
or same if water R23, R7 RI R45R6 
is absent S4 S6, SIO SI, S2, S8, SI2, SI8, S20 
6 7 13 
It must be noted that not all interviewees were posed the question on what they predicted 
would happen if no water was present in event 4, because of the limitations of time. 
However, in spite of this, there was still a significant proportion 54% who revealed this 
AC 19 (40%) were in U6, and 13 held this AC at both U6 and L6. I Of these, 
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This AC is illustrated in cases I in chapter 12 and IR and Win Appendix M 
EXAMPLES OF VARIOUS ACs ASSOCIATED WITH ASPECT C 
ACs Cla, Ch and C3b are illustrated in the following 3 extracts of the L6 interviews 
with S6, S10 and S14 which are typical. 
S6.1 saw both reactions in events 4 and 5 as similar in the sense that they involved the 
displacement of a less reactive element by a more reactive (AC C3b). 
S6.1 after predicting correctly the identity and physical states of the products in event 5, 
went on to say: 'Magnesium is more recrtive, so it would take chlorine away from the 
HC1 and break the bond between them [AC C3b: preferential attraction] thus releasing 
energy.. sane hem, ifyou got lead nitmte in ions aid you got a bond between them, then 
you got sodium chloride.. then sodium would take the nitrae away from the Pb apid Pb 
would combine with the chloride to fonn PbC1 and Na? VO3 [AC C3b: preferential 
attraction] and bonds av broken between them cod new bonds av fonned between 
them ... the 
firt thcff this recrtion hcppens proves thut sodium [AC CIa: confusion of 
sodium element with sodium chloride or confusing atom with ion] hem is mom recrtive 
Am lead, azd it cau diýsplcre leadfrom lead nitmte. " 
S 10.1: "Something hcffens become magnesium gets rid of the hydrogen which isjoined 
to the chloride.. become of thot it hav to be displacement aO stuff, one is more reactive 
than the other. hydrogen aud chlorine me bonded covalently.. magnesium stea( chlorine 
away. ff 
1: "How does magnesium steal chlorine away? " 
S 10.1: Tolaising power " 
1: "What do you understand by the term 'polarising pow&T 
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S 10.1: "Magnesium is neutn-d atom but it wants to get fid of its 2 electrons.. hycbvgen 
wants to gc9n one so does chlotine. -if it ý like tha, then hydrogen make bonds exier with 
magnesium as well, won't it? But chlofine bonds with Mg. - Oh, I don't know. " [Note her 
lack of understanding of the term 'polarising pow&. ] 
S10.1 on event 5: "1 think itý agcdn dispIcrement. sodium is more reactive than lead, so 
then sodiwn is diýsplacing lead aid because sodiwn steals the nitratefrom the lead, so lead 
lix no choice but to combine with the chlotide. " 
The confusion between atom and ions, and the view that sodium is bonded to nitrate when 
sodium nitrate is dissolved or formed in the aqueous state is evident. It appears that 
because these students held very funfly the preferential attraction/displacement theory, 
they tended to fit everything else within this framework sometimes even against their own 
understanding of other scientific concepts, as illustrated in the next example with U6 
interviewee S14. 
S 14.2: "Sodiwn displcre lead apzd take nitmte.. lead is 14ger, less polcrising.. sodium is 
smaller. nitrde is 14ge aid very polcrisable, there/bre sodium just got fid of lead. " This 
explanation of how the reaction takes place was in fact inconsistent with her remark that 
the two products lead chloride and sodium nitrate cannot both be aqueous, because it 
would mean that "nothing will hcffen. " This remark had sprung from her understanding 
that when a salt like sodium chloride dissolves in water, "the ionic bond breaks, mdfree 
ions avfonned " 
The next extract of the L6 interview with S 14 revealed ACs about the fact that ionic 
bonds are still present when a salt is dissolved (AC C3a), as well as the confusion of 
electronegativity or electropositivity with electrical charges (AC CI a): 
Preceding this extract S 14 had seen the experiment performed; and observed that 
magnesium chloride was formed as solution while the other product was observed as 
effervescence. She had also postulated that the process involved complete transfer of 
electrons from magnesium to chlorine, fonTdng ionic bond between them. 
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1: "What do you predict would happen if no water is present, i. e., this piece of magnesium 
ribbon is added to a gas jar of pure HCI which exists as a gas? " 
S 14.1: " There would be no recrtion 'cos wder has to be pmsent " 
1: "What do you think is the part played by water in this reaction? " 
S 14.1: T helps to split the HC1.11 
1: "In what way does water help to split the HCIT 
S 14.1: "Cos it ý an crid, yes, md it domffes protons so I don't know. " 
1: "Does water help split the HCI only when magnesiurds added or before? " 
S 14.1: 'V think befow. " 
1: "Then do you need to modify this drawing where you show the H-Cl unsplit? " 
S 14.1: "Yeak. (writing 'Cl- + H3W in place of her earlier drawing showing 'H-Cl', i. e. 
essentially as a molecule with the covalent bond between hydrogen and chlorine intact). " 
1: "You said just now that chlorine accepts electrons from magnesium.. can chlorine as Cl- 
still accept electrons from magnesium? " 
S 14.1: "By wfiting UPI don't mean to say that it has one extra electron, I mean it hcs 
cqxrity for one mom electron " 
A number of other interviewees also had the same AQ where the representation of 
dissolved HCI in water as Tr and 'Cl-' did not stand for electrically charged particles; 
instead, they were viewed as merely reflecting a tendency to gain or lose electrons; where 
positive signs were attached, such as Tr it meant that the hydrogen atom tends to lose 
one electron, and where a negative sign was attached, such as 'Cl-' it meant that there was 
a tendency or capacity to accept one more electron. 
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The following extract from the U6 interview with R2 revealed a related confusion, which 
was the confusion between oxidation numbers and electrical charges (AC Cla). It also 
illustrated confusion between electrovalency and covalency (AC C2a). 
R2.2 began by responding to the trigger question on how the reaction between copper and 
oxygen was conceptualised: 
R2.2: ".. got little copper apid it's got 2+ chage on it, then it gets introduced to oxygen, 
oxygenjoins with it so they both get right nwnber of electrons aO get copper oxide. " 
1: "Copper metal exist as copper 2+... " 
R2.2: "No.. don't know how it can be positive cmd neutral.. 
1: "How do you picture the joffiing process.. " 
R2.2: "They bond because neither got enough electrons.. one of them is going to give the 
other one electrons so they're going to shav them so they both have the sane amount.. if 
copper is plus aid oxygen is a minus then they'll attnrt" 
1: "Oxygen in air is a minus..? " 
R2.2: 'Depends on what it'sjoined to.. ifjoined to another oxygen, then no chavge on it.. if 
joined with hydrogen, get H20, then it still got a chage of 2 minus, but the whole thing 
got no chage. " 
1: "How does oxygen in H20 get a2 minus charge? " 
R2.2: "We're told it lim.. don't know.. when trying to work out oxi"on nwnbem, we're 
dways told oxygen hcu 2 minus chage so we crcept it. " 
1: "This copper metal here.. does it exist as copper plus? " 
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R2.2: 'No, but when we hea it.. hea mmoves electrons from copper rr 
1: "Heat affects the electrons in oxygen as well-T 
R2.2: 'No. " 
1: "Heat has no effect m electrons in oxygen.. " 
R2.2: 'V suppose oxygen changes ay well.. by joining with copper and chaWing colour 11 
1: "What happens to the electrons removed from copper by heat? " 
R2.2: 'Joined onto oxygen.. copper innd oxygen probably shme electrons.. then they'll have 
8 electrons.. " 
1: "Copper and oxygen share electrons T, 
R2.2: "Yeah.. I don't see how copper can lose both electrons aid then join. " 
1: "Copper first loses its electrons to oxygem? " 
R2.2 'No, copper keeps its electrons md the oxygen will keep its electron and they both 
join and shaT so they both gotfult shells. lp 
1: "This bond formed by copper and oxygen-what do you call it? " 
R2.2: 'Dmive covalent bond " 
Note how R2 had reverted from an acceptable conception of copper losing electrons to 
oxygen, to copper and oxygen both keeping their own electrons and sharing, which is 
probably a reflection of her inability to visualise how an ionic bond is formed; which in 
turn is related to her lack of understanding of the nature of electrical charges, having 
confused them with oxidation nuinbers. Note also how the concept of dative covalent 
bond was misconceived. 
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AC Cla, (confusion between oxidation numbers and electrical charges, etc) was also 
found in the " interview with student R4, where R4 actually conceived of oxygen in the 
atmosphere, as having 4 minus charges, because it comprised 2 atoms in a molecule, and 
each atom had a2 minus charge. 
AC C2a, (confusion between ionic and covalent bonding) was quite prevalent, even among 
students who could talk sensibly about copper losing its 2 electrons to oxygen in the 
process of heating, and who then made drawings which illustrated covalent rather than 
ionic bonds. 
Similar problems were fomd in event 4 where drawings showing covalency, instead of 
electrovalency, were used to illustrate the fonnation of ionic magnesium chloride. Thus, 
it appeared that while the bond was thought to be formed ionically, by magnesium, atom 
losing its 2 valence electrons to 2 chlorine atoms; the students seemed to have difficulty 
in representing ionic bonding or ionic bonds by means of diagrams. 
Another sort of confusion between ionic and covalent bonds arises right at the beginning, 
at the very defmition of the two kinds of bonds, as illustrated by the U6 response of S 16: 
S16.2: "Oxygen lix got 6 electrons, it wants to get 8 so it takes 2 electrons from 
copper. so it becomes stable octet so then you get your product so they am covalently 
bonded " 
L"What is your mderstanding of the tetm'covalent bond? " 
S 16.2: "When one takes their electron.. au electronegaive element takes an electron from 
an electropositive one completely ... when you 
have an ionic bond, they show them. " 
A number of ACs or confusions are in fact revealed by the above short extract, such as: 
AC CIa, 'confusion of substance with particles' - S16.2 should be referring to an atom 




AC C2a, (confusion of ionic and covalent bonding) - swapping the definition of covalent 
and ionic bond around, i. e. the scientists' definition of the 2 terrns is the other way around. 
For a number of students, there was yet another kind of difficulty. This was related to 
their belief that ionic bonds, and/or metallic bonds are not really bonds, but are 
electrostatic attraction. To these students a bond between any 2 atoms was conceived of 
as comprising 2 electrons, one from each atom. in this conception then covalent bonds are 
the only kind of real bonds; since it was possible to refer to the 2 electrons between 2 
atoms. Thus, for these students, since it was not possible to refer in the same way to 2 
electrons between atoms in the case of metals and ionic compounds, they inferred in their 
own minds that metallic and ionic bonds are not real bonds. Somehow, these students 
seemed to be 'hung up' on the idea that a bond is real, is there only when it is possible 
to draw a line representing 2 electrons between 2 atoms; where it is not possible to do 
this, then no real or sigrfificant bond exists. 
The following are extracts showing the sense that some students made of bonds: 
P10.1 on covalent bond: "When aoms av shaing the 2 electrons in the middle so they 
can have full outer shell. " 
In the U6 interview, P 10 did not seem to shift from her conception of a covalent bond as 
comprising the 2 electrons, and in addition, had the following conception about bonds in 
metals: 
P10.2: "Them's no bonds in metals.. but I'm not swv.. itý definitely not covalent bonds, 
tight? and it's not ionic bond 'cos it ý not xtually ions.. they're sort of held together by 
each other. I don't know.. they'm just held together II 
The following extract of the U6 interview with P14 on how the reaction between copper 
and oxygen was conceptualised revealed how ionic bond is not thought of as a real bond: 
P14.2: "As it gets hotter. electronsjwnpfrom copper to oxygeA sofonn ions.. don't know 
how but somehow they traufer. then 'cos one ý more positive, one's more negcdive, they 
j. oin together but aw not dtaJwd in any way. -like electromagnetic sort of thing they 
Ire 
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like stuck together, but them ý nothing crtually b? idging between them sod ofjoin them 
together " 
Later when she was to predict the overall energy change, she said: ".. no bonc& are ma-k 
Icos there ý no crtual bond like in a covalent bond. it ý like atrcrtion. not bond " 
'Ihese students seemed to lack the understanding that all types of bonds involve 
electrostatic attraction of some sort; and that in the case of covalency, it is not the 2 
electrons between 2 atoms which constitute the bond, but rather, the electrostatic attraction 
between the shared electrons and the 2 positively charged nuclei which constitute the 
bond. 
For some other students, the inference that metals have no 'bonds' or that the bonds in 
metals are insignificant compared to covalent bonds seemed to be made based on the fact 
that in chemical equations, metals are represented as a single, solitary atom (or a mole of 
atoms), e. g. 'Mg+2HCI--AW12+H2'. 
An example is given in the L6 interview with E10 who made the following statement 
when asked whether there was any bond breaking process in magnesium ribbon: 
E10.1 on event 4: Wo, thewý no bond bmaking in magnesim, itý not joined to 
a7ything.. itý nn dom by itse6r lf 
The following extracts from the L6 and U6 interviews with S2 on event 5 illustrate the 
lack of understanding of the solvation effect of water, i. e., the effect that water has on the 
structure and bonds of ionic solutes and the AC that energy input is the driving force: 
S2.1, when asked to predict what would happen if the aqueous sodium chloride was added 
to aqueous lead nitrate: 'Nothing will hqyen 'cos they'm both wally stable-I mean thatý 
ionic compound in solution and the bonds av very ha-d to bmak. aid lead nitrae I think 
is a covalent bond. when they come into contaýt with each other I don't think enough 
eneTv is produced in order for anything to hcgpen.. I think they are too stable for 
anything to hcffen to them. " 
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Later when the experiment was performed, and she observed the white precipitate formed, 
she said: "white pmcipitae is lead chloride. " 
1: "What do you think is the driving force of the reaction? " 
S2.1: "1 don't know.. I mean I didn't think a7ythingý going to hcffen because sodfum is 
more reactive than lead. [AC CIa: confusion of element with its compounds] because it 
has strong bonds, itý very stable.. but since something hqyened, there must be something 
in this subst6nce which is reactive aO.. will split.. alzd lead will split from the nitmte 
which means it willjoin with the chloride ions. 11 
1: "Any bond breaking..? " 
S2.1: " Yeak there ý bond breaking between the sodium aid the chlotide, lead md nitn-ve; 
aqd bond made between the leadand the chlofide, cnd sodiwn cmd nitrate [AC C3a: ionic 
bond in solute unaffected by water]. " 
1: "What do you predict will happen if no water is present.. suppose we mixed finely 
powdered sodium cWoride and lead nitrate..? " 
S2.1: 'Vf you can't dissolve these things in wafer, I don't think they will mact.. I think it 
something about being dissolved which allows the two to react. " 
S2 did not change her view that aqueous sodium chloride and aqueous lead nitrate would 
not react at the U6 interview when she again predicted: 'Nothin will hcppen. become 9 
when they intercrt, thereý no eneiýT pven. thereý no eneqT ma-k so they don't break 
their bonds became they ae both very stable.. sodiwn chlofide is very stable, it ý hcrd to 
break the bonds, you need a lot a lot.. loads of eneTv to break tha bond cvd unless thd 
bond is broken you can't intercrt with that, so them ý no reaýtion. " 
Tbus, the above extracts revealed S2's lack of awareness of the solvation effect of water 
in breaking the ionic bonds of sodium chloride, which was prevalent among the vast 
majority of the interviewees, who postulated the fort-nation of ionic bonds between 
magnesium and chlorine in event 4, and between sodium and nitrate in event 5. 
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6.4 SUMNLARY OF CIMPTER 
The results of the analysis of the students' responses on aspect C show a generally low 
level of understanding at both U6 and L6 interviews. 
Results show that at the L6 interviews, no student scored 10 or more KEs out of the 20 
possible KEs, while 81% scored 4 or less KEs. Better results were achieved at the U6 
interviews, where about a quarter of the students (23%) scored at least I OKEs out of the 
total of 20 possible KEs (an improvement of 23%), and another quarter (27%) scored 4 
or less KEs out of the 20 possible KEs (an improvement of 54%). 
This study has revealed, as not been before in the literature, the multiplicity of ways in 
which ionic and covalent bonding can be confused with each other, and with other kinds 
of bonds. It clearly shows the mismatch between the expectations and perspectives of the 
teacher and the students. Writing as a teacher, the distinction between ionic and covalent 
bonds and bonding as typified by sodium chloride and hydrogen chloride are 
straightforward and clearcut, whereas from the students' viewpoints, there seemed to be 
a multitude of ways of visualising the bonds and bonding process. 
Again, on the effect of solvation in water, in spite of having taught concepts of lattice 
energies and hydration energies of salts, the polar nature of the water molecule and so 
forth, the vast majority of the A-level chemistry students were still holding alternative 
conceptions about the nature of solutions, and also reactions involving solutions. They 
were also not able to reason in terrns of the energy changes that accompany solvation. In 
a number of cases, the students refer to the salts as dissolving in each other (e. g., as a 
supplement to event 5, when a solution of copper sulphate is added to a solution of 
sodium chloride before their eyes, a number of them referred to one of the products 
formed, i. e., copper chloride or sodium sulphate, as soluble in the other) and completely 
disregard the presence of water, in spite of having the solutions in front of them. 
The lack of understanding about energy changes involved and the role of solvent was 
similar to some of the fmdings by Cachapuz and Martins (1987) who found, among other 
things, that many of the students studied by them conceptualised. the process of chemical 
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change as simply involving a transfer of energy existing between the water molecules, the 
"non-bonding" energy, to the bonds being formed in the solution. This, among other 
things, led the researchers to infer that the students had applied the principle of 
conservation of energy which they leamt in a physics class to another inappropriate 
context; they had not appreciated the energy changes which occur at the microscopic 
level. 
Another problem (similar again in some ways to the one reported by Cachapuz and 
Martins, 1987) which plagued some of the interviewees was the inability to discern what 
constitutes the reaction system in question and what its surroundings. For example, some 
students thought that an exothermic reaction would result in the reaction vessel becoming 
cold because heat is given out to the surroundings. Another example is student P4 who 
seemed to think that the product of event I has more energy than the two reactants, which 
is manifested as heat evolved. In some other cases, this had led to difficulties in predicting 
the t: ype of chemical change expected, and in other cases, it had led to problems in 
predicting the energy changes involved. 
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ClUPTER 7 
STUDENTYUNDERSTANDINGS AND ALTERNATIVE CONCEPTIONS WM 
RESPECr TO ASPECr D, HOW THE REACHON TAIKES PLACE 
7.0 OVERVIUEW 
This chapter examines the students' responses under aspect D, why the reaction takes 
place. 
Section 7.1 examines students' total scores on aspect D across events by school and by 
sex. 
Section 7.2 examines students' scores on aspect D by event by school and by sex. 
Section 7.3 examines students' alternative conceptions (ACs) associated with aspect D. 
For aspect D, responses revolved around knowing why a chemical change takes place at 
all. Students are expected to show that awareness that chemical reactions occur through 
a combination of then-nodynamic and kinetic factors; i. e., they involve both 
thermodynamically and kinetically favourable conditions. 'Ihus, 2 key elements (KEs) are 
defined, one pertaining to kinetic and the other to thermodynamic factors (see Appendix 
Q. Hence the maximum number of KEs defined across the 5 events are 2x5 or IOKEs. 
7.1 ANALYSILS OF STUDENTS' RESPONSES ON ASPECT D OVER AILL 5 
EVENTS 
Table 7.1 shows that mean scores for both interviews in for all 5 schools together with 
p values of significance. The scores were generally low, ranging from 0 to 1.1 at the L6, 
and 0.9 to 2.8 at the U6; and there were no significant differences (p<-0.05) between 
schools in any of the scores. 
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TABLE 7.1 
MEAN U6, LO AND PROGRESSION SCORES ON ASPECT D BY SCHOOL 
School D-U D-L D (U-L) 
C (n--9) 0.9 0.0 0.9 
R (n=6) 2.8 0.0 2.8 
P (n-- 10) 1.2 1.1 0.1 
E (n-- 10) 1.1 0.4 0.7 
S (ri--13) 1.3 0.5 0.8 
P 0.365 0.172 0.077 
To examine the difference between the sexes in terms of the U6 and L6 KE scores; and 
in ten-ns of progression (U-L) scores, on aspect D across events, mean scores together 
with p values of significance are set out in the following table 7.2. 
TABLE 7.2 
MEAN U6, L6 AND PROGRESSION SCORES ON ASPECT D BY SEX 
L Q, --v ; %ýý D-U D-L D (U-L) 
FEMALES (n--35) 1.1 0.3 0.7 
MALES (n=13) 2.1 0.7 1.4 
p 0.110 0.320 . 300 
From the results on aspect D in table 7.2, it can be seen that there is no significant 
difference in the scores between the sexes. 
The absence of significant differences between either schools or sexes is not surprising 
given the overall low scores. 
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7.2 ANALYSILS OF STUDENTS' RESPONSES ON ASPECT D BY EVENT BY 
SCIML 
To examine the difference between the schools in terms of the U6 and L6 KE scores on 
aspect D by event mean scores, together with p values of significance, are set out in the 
following table 7.3. 
TABLE 7.3 
MEAN U6 AND L6 SCORES ON ASPECT D BY EVENT BY SCHOOL 
Sc DIU DIL D2U D2L D3U D3L NU D4L D5U D5L 
c 0.2 0.0 0.2 0.0 0.2 0.0 0.1 0.0 0.1 0.0 
R 0.5 0.0 0.8 0.0 0.8 0.0 0.3 0.0 0.3 0.0 
p 0.3 0.3 0.4 0.3 0.4 0.3 0.2 0.2 0.1 0.1 
E 0.4 0.2 0.2 0.0 0.2 0.0 0.2 0.2 0.1 0.0 
s 0.2 0.2 0.3 0.2 0.3 0.2 0.2 0.0 0.2 0.0 
p . 699 . 413 . 136 . 296 . 182 . 163 . 846 . 258 . 379 . 447 
From table 7.3, it can be that at both U6 and L6 the mean scores of each school by event 
were low with no significant differences between the schools. 
TABLE 7.4 
NEAN SCORES ON ASPECT D BY EVENT BY SEX 
Se- 
x 
DIU DIL D2U D2L D3U D3L D4U D4L D5U D5L 
F 0.2 0.1 0.3 0.1 0.3 0.1 0.1 0.1 0.1 0.0 
M 0.5 0.3 0.5 0.2 0.5 0.2 0.3 0.1 0.3 0.0 
p . 119 . 054 . 
312 . 434 . 360 . 525 . 067 . 
787 . 128 . 
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From table 7.4, it can be that at both U6 and L6 the mean scores of each sex by event 
were low with no significant differences between the sexes. 
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7.3 ALTERNATIVE CONCEMONS ASSOCIATED NWNLY NNITH ASPECT' D, 
DRIVING F*ORCE OR WHY TIFIE REACTION TAKES PIACE 
It should be mentioned here that a number of interviewees, (eg cases III and IV, Appendix 
K and responses of students S1 and C4 below) seemed to interpret the question on 
driving force ("Why do you think this reaction happens at all? ") differently to its intended 
meaning. They seemed to have interpreted it as "What do you think activates or triggers 
off this reaction? " This is in spite of the emphasis made by the interviewer that the 
question was why the reaction should happen at all. In this researchers view, the main 
reason for this seemed to be that students have not grasped the concept of driving force, 
which could probably be linked to either the lack of emphasis given by the teacher or that 
it is too abstract or difficult and is rejected by students. 
Some indication of this could be seen in the fact that about 10 students managed to shift 
from interpreting the question as "What activates or triggers off this reaction? " at the L6 
to the way intended at the U6. This was reflected in responses such as "becoming more 
stable" or "to have lower entropy" which were closer to scientific views (than their L6 
responses which typically suggested that heat input was the driving force) but still 
incorporating ACs. The fact there were one or two U6 interviewees, from each school 
who mentioned the concept of entropy in relation to their explanations on driving force 
(see section 10.2, chapter 10; case 1, chapter 12) indicates that the concept had been 
taught in class. But the fact that the other U6 interviewees, did not mention it at all 
seemed to suggest that they had rejected it or "pushed it to the back of their minds" (in 
the words of a student when she referred to things which the teacher taught and which she 
could not comprehend). 
On aspect D, the vast majority of the students offered at least two different kinds of 
explanations across the 5 events because they seemed not recognise the mderlying generic 
concepts involved (See chapter 10). 
The ACs associated mainly with this aspect D, are limited in number (as discussed in 
chapter 10) and can be grouped as follows: 
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Group DI: ACs associated with the idea of energy input, in particular heat energy 
input as the driving force. 'Ihe idea of energy input as driving force could 
be the result of everyday experience and perceptually dominated diffiking. 
Group D2: ACs associated with the idea of balance of reactivity, or preferential 
attraction which results in the displacement of one thing by another. Under 
this category, are some views which are anthropomorphic. 
Group DI ACs associated with the idea of water, the solvent, as the driving force. 
Group D4: ACs associated with misunderstanding the concept of entropy. 
GROUP Dl: ACs associated with the idea of heat/energy input as the driving force. 
AC Dla: driving force is heat input; heat is the causal agent of chemical 
change 
TABLE 7.5 
STUDENTS SUBSCRIBING TO AC Dla 
U only L only U&L 
AC Dla: C6, C20 C8 C4, CIO, CI2, CI4, CI6, CI8 
energy E2 El E3, E5, E7, EI l, E19, E6 
/heat P85P20 PIO P2, P4, P6, PI2, PI4, PI6 
input is R4 R7 Rl, R5, R2,, R6 
causal S18 S14 SI, S7, SI lS2, S4, S6, SIO, SI2, SI6, S20 
agent 7 5 32 
This AC is closely related to AC Ala substantialisation of heat, and was subscribed to by 
44 (92%) students; of these 39 were at U6, and among them, 32 held the same AC at both 
U6 and L6. 
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it should be noted here that generally the 5 L6 interviewees, who abandoned this AC at 
the U6 level had showed some progression by including ideas that are closer to scientific 
views in their explanations of driving force (See case 1, chapter 12; and case II, Appendix 
M respectively, which are in contrast to students P4 and C 10, cases III and IV, Appendix 
K who did not abandon this AC). 
This is to be contrasted, in a way, with the 7 U6 interviewees who subscribed to this AC. 
in most of these cases, it was a shift from saying, "I dont know" or "I have no idea" at 
the L6 level, to suggesting that it was heat supplied which causes the reaction(s) to take 
place. 
An example is the response of S 1.1 on aspect D, event 1: Tasically heat.. if you leave 
copper there.. copper is not reacting with oxygen now becaae.. the actua(molecules [Note 
AC Cla: confusion between atoms and molecules, section 6.3, chapter 6] 6w bound 
together, no reaction occut7ing; but using hear, the hear is breaking the bonding and is 
forcing [This seems to reflect AC DI a- the view that chemical change will not take place 
unless there is an active causal agent, i. e., heat] it to react with the oxygen so it is the 
&ivingforce.. that's where I avsume the force comes from, the heat itself, the heatfrom 
the bunsen butwer " 
In discussing the candle flame, S 1.1 in fact volunteered, without being asked, that "the 
match to stce the reaction. t&6 the diivingforce. " This view that heat is driving force 
was fin-ther elaborated when he was trying to explain where the heat of the candle flame 
came from: 'Vf you xk me where the heat comes from, heat comes from the actual 
p2-cffin itseo', the actual chemicals that aT stored in the pa-affin itself [AC B2a - heat 
comes from chernicals, section 5.3, chapter 5] but it will not be able to react unless you 
have heat to be able to push the reaction like how you push dominoes, so the heat actually 
comes from heeling W the chem icals in the paraffin itself " 
At the U6 interview, SI like most of the students in this category did not shift from this 
AC'- 
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S1 .2 on what is the driving force of the reaction between copper and oxygen: Diving 
force is the use of the bunsenfl6me beccme it ttýem off the chemica( mcrtion ff 
With reference to the candle flame reaction, S1.2 said, 'EWvingforce is the heat supplied 
by the flawe, without the flawe this recrtion would never occur " 
And again with reference to the bunsen flame he said, 'Divingforce is the bunsenflawe 
become it is theflawe thd ftýWets off the chemica(recrtion.. itý theflane tha rexts with 
this.. without the flawe you won't be able to get this fonning.. you need heat. " 
Another example is C4.1 who when asked what was the driving force of the reaction in 
event 1, said, 'Hea, become without hea copper doesn't combine with oxygen. " 
One year later at the U6 interview, she again said that heat from the bunsen flame was 
the driving force; however, on further probing she revealed that in fact when she 
mentioned 'heat as the driving force', she also meant 'oxygen is the driving force' because 
to her, oxygen and heat meant the same thing. [The idea that oxygen and heat meant the 
same thing was held by at least 4 other interviewees from school C as well as some 
students in all the other 4 schools as presented in chapter 4 section 4.3, AC Ala. See also 
students C6 and S20 responses in section 4.3, for ftwther examples of AC Dla. ] 
Here heat is deemed as the necessary and sufficient condition for the occurrence of a 
chemical change; this appear to have arisen as a result of the substantialisation of heat, 
and/or the associated thinking that "something" must cause a chemical reaction to take 
place, and that something is energy or energy related. It is common knowledge that in the 
hutnan and biological world, and even in the world of physics, nothing happens without 
a cause and that cause is often energy itself or energy related (Andersson, 1986b, Ogborn, 
1990). A extrapolation of this, into the microscopic world of atoms and molecules, 
appears to lead to the inference that energy, more specifically, energy input is the force 
or the cause behind chemical reactions., which make them 'go'. After all, it is only when 
energy is supplied or added on, that motors, engines, machines, and other things 'worle 
or 90 
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Another way in which this AC could arise is through incomprehensive teaching or where 
there is over-eniphasis on the concept of activation energy in relation to the kinetics of 
a reaction, without placing it in a proper context, i. e., that of thermodynamics. 
This AC in fact reappeared in slightly different guises as AC DIb, DIc and DId; which 
all have the roots in the idea that energy input is needed to drive any chemical reaction. 
AC DIb: driving force is internal energy of chemicals or the energy and 
power between the bonds 
TABLE 7.6 
STUDENTS SUBSCFJIBING TO AC Dlb 
U only L only U&L 
AC Dlb: C4, C6, C8, C20 CIO, CI6 C 12, C 14, C 18 
driving E6 E2 E3, E5, EI7, EI9 
force is P85PI4 P16 P2, P4, PIO, PI2, P20 
intemal R13IR4 R5 
energy of S45S8, S20 Sil Sl, S2,, SIO, SI2 
chernicals n--10 n=7 n--17 
This AC was held by 34 interviewees, 17 of whom held it at both U6 and L6. This is 
illustrated by L6 interviewee C10's response on driving force in event 4 (see case IV; also 
case 111, Appendix M) as well as in the responses of S2 and C6 below. 
This AC is very similar to, and perhaps could be considered as a subset or a more specific 
instance of, AC Dla, in that there is the belief that energy input or heat supplied is the 
reason why a reaction takes place. It was generally elicited in connection with event 4 and 
5 where it was obvious that unlike events I to 3, there was no heat supplied. The view 
here was that it was energy in chemicals which was the driving force. Thus, it seemed 
that in the case where heat input was clearly seen to trigger off the reaction, the driving 
force was the heat input. In cases where no heat was applied, then the needed energy 
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input actually comes from within the reacting chemicals themselves, or more specifically, 
from the bonds. 
Included within this AC are at least two variations: i and ii discussed in the following 
paragraphs. From the list of student identification codes, it could be seen that some 
students used both variations i and ii at the same level (eg S8.2); this is with respect to 
different events, eg events 4 and 5. 
that it is the internal energy of one of the reactants which is the driving force 
(subscribed to by C4.2, C6.2, C8.2, C 10.1, C 12.1,2, C 16.1, C20.25 E3.152ý E5.1 ý29 
E17.1ý25 E19.152ý E2.1; P2.1; PIO. 1,2, P12.2, P14.2, P16.15 P20.1,2, RLI, R4.1, 
R5.112, S1.25 S11-1, S8.2, S10.2, S20.2). This variation is linked to naive 
explanations identified by researchers such as Brosnan (1992), in which chernical 
change is viewed as the result of one active causative agent acting on a passive 
one. 
An example is C6.2 who was very consistent across the 5 events in viewing one of the 
reactants as the driving force: 'oxygen or heaf as driving force for events I to 3, [heat and 
oxygen being seen as synonymous] and'acid in the case of event 4 and'sodium chloride' 
in event 5. And the reason was: "Oxygen or heat provides the crtivaion enetýy " for the 
reactions in events I to 3; while for the Mg-HCl reaction: "it way the Crid which provides 
the xtivajon enetýy for the wartion ". In the case of sodium chloride as driving force for 
event 5, the reasons were slightly different. It was: Tecaae it is most common. becaae 
thd separ&es quicker aid the chlofine aYnrts the leadand sodium is alracted to the 
nitiae. " 
It seems rather unusual to consider that sodium chloride was the driving force rather than 
lead nitrate because it was "most common". However, another reason was given; it was 
that it "sepa&es quicker". Further light was thrown on this reason when she predicted that 
the reaction would probably be "ovetdl endothetmic becaae one of them, i. e., the lead 
nitmte needs heafor it to mcrt". On further probing, the reason for this was because 
"sodium chlofide is very soluble" whereas lead nitrate was not so. 
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These responses, coming from a student at the U6 level and who had predicted an 1, V 
grade for herself in the A-level examinations (see Appendix L. 6) appear surprising, 
because of the numerous ACs (across aspects) and zero KEs counted. 
that it is the internal energy of both reactants which is the driving force 
(subscribed to by C14.1,2, C16.1, C18.1,2, E3.1, E17.2, E2.1, E6.25 P2.2ý P4.152 
P8.25 PIO. 25 P12.1, SLI, S2.1,2, S4.2, S8.2, SIO. 152, S12.152). 
Within this variation, there were 2 subgroups: a group who appeared superficial in 
thinking - who simply attributed the driving force to "the reacknts am reactive-dfiving 
force is them being in contcrt with exh other". The other is illustrated by the following 
extract with U6 interviewee S2. which reflects the view that somehow when certain 
substances are put together, they produce energy which drives the reaction. In this view 
then, the AC is very closely related to AC Dla. 
S2.2 on why the reaction in event 5 takes place: 'Nitn-ke is electronegaive.. the sodim 
is slightly positive.. so agdn when they intenrt there must be eneqy made, bonds av 
broken here. " 
1: "When the bond is broken, energy is made..? " 
S2.2: 'No, energv must be made befow the bond is broken, thatý wha I sdd " 
1: "Energy must be made before the bond is broken.. " 
S2.2: "Yeah, because in orJer to break the bond, there must be energv to break it so there 
must be.. when they come into contcrt there must be some eneigv made aid so these 
bonds c#v broken aid those av broken (referring to Na-CI and lead-nitrate bonds) then 
those two join together a7d these two join together (referring to sodiwn joining with 
nitrate, and lead joining with chloride) " 
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(ýROUP D2: ACs associated with the idea of balance of reactivity, or preferential 
attraction, which results in displacement. Under this category, are 
some views which are anthropomorphic. Most of the ACs in this 
category are the result of superficial or incomprehensive thinking. 
E. g., if thinking is broadened or deepenecL perhaps the idea about 
the fonnation of attractive forces or bonds nught be linked to that 
of the decrease in enthalpy, and hence the driving force. Under AC 
D2, ACs related to the idea of "chemicals wanting to react to form 
full (electron) shells", more in-depth thinking could have led to the 
awareness that there are some types of chemical reaction which do 
not lead to the formation of full shells simply because the reactant 
particles already have an octet structure similar to the noble gases. 
AC D2a: driving force is the difference in reactivity, or charge or 
electronegativity or competition between two things for something 
else. 
TABLE 7.7 
STUDENTS SUBSCRIBING TO AC D2a 
U only L only U&L 
AC D2a C12, CI8, C20 C45CIOq 
driving force is E3 E75E II 
difference in E2 E6 
reactivity, etc. P20 P2ýNýP16 P125PI4 
R5, R75R2 R15R45R6 
S16 S15S45S8, SI8, S20 Sl 1, S2, S6, SIO 
4 15 13 
This AC is illustrated in case IV, Appendix K where driving force in event 5 is thought 
to be "the aunrtion between Na apzd nitnie and the Cl a7d A ". 
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AC D2b: anthropomorphic explanations, such as chemicals wanting to react 
to form full shells (exemplified by students E5.1, E6.1, E10.1, 
P 10.1, R2.1), or just wanting to combine with one substance more 
than another because it is happier that way (students C8.1, R4.1, 
R7.11 STI, S14.1, S18.1). 
See student R7, case 1, chapter 12 for an illustration of this AC. 
'fhe explanation by students that chemicals react to attain full shells of electrons is lacking 
comprehensiveness and does not explain reactions involving ions or precipitation, e. g., 
2NaCI(aq)+ Pb(NO3)2(4 ->PbCI2(, ) + 2NaNO3(4, where the reaction does not involve any 
change in the number of electrons in the outermost shells. 
GROUP D3: ACs associated with water as the driving force. 
AC D3a: water, the solvent, is the driving force (subscribed to by C8.1, 
C14.2ý C16.2ý Ellý P6.15 P10.23 P16.2ý S6.21 S16.1) 
This AC which is held by 9 (19%) of the interviewees, arises mainly from the thinking 
that without water, the reaction does not take place, hence water is the driving force. 
GROUP D4: ACs associated with rnisconceptions about the concept of entropy. 
AC D4a: the entropy of a system depends on the number of products vis-a- 
vis the number of reactants (i. e., there was no concept of the 
entropy dependence on the physical states) (E3.2). 
AC D4b: driving force is to decrease the entropy of a chemical system 
(ElO. 2, PIO. 2, P18.2). 
AC D4c: driving force is to increase the entropy of a chemical system 
(R7.2). 
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7.4 SUMMARY OF C11AVfER 
The analysis of results of students' responses on aspect D, driving force of the reaction, 
shows a generally low level of understanding of the driving force behind chemical 
reactions. 
Four main groups of ACs associated with aspect D are identified. These were: group 1, 
those arising mainly from the dominance of everyday experience or perceptual thinking 
and related to the idea of energy input as the driving force; group 2, those associated with 
the idea of balance of reactivity, or preferential attraction which results in the 
displacement of one thing by another, under this category, are some views which are 
anthropomorphic; group 3, those which view water, the solvent, as the driving force; and 
group 4, those associated with misunderstanding of the concept of entropy. 
The reasons for this general lack of understanding of the driving force are related to 
confusions about energy changes; this is discussed in detail in chapter 8. 
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CIMPTIER 8 
DISCUSSION AND CATFiGORISATION OF STUDENTS' 
UNDERSTANDINGS AND ALTERNATWE CONCEMONS OF TIHE 
NATURE OF CHEMICAL REACMONS 
8.0 MRODUCIION 
The purpose of this chapter is to consider the students' overall understandings of chemical 
reaction as elicited through the interviews and to compare and contrast with the output 
of earlier studies. 
The approach taken is to summarise students' understandings along the dimensions of the 
interview itself, ie by events and by aspects in order to discern whether or not the 
students are working within a scientist's framework (of using a generalised dynamic 
model effectively made up of a set of fted processes) or working within a range of 
alternative models perceived to be appropriate to the events or aspects discussed. Students' 
consistency of use within and between such alternative models is discussed separately in 
chapter 10. 
A classification of the range of alternative conceptions (ACs) revealed is presented and 
discussed. 
The relationship between the ACs held and students' progression is discussed in chapter 
9. 
For completeness, this chapter includes a brief discussion of students' understandings of 
the differences between chemical and physical changes. 
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8.1 SUMMARY OF STUDENTS'SCORES OVER TBE FOUR ASPECrS 
That the chemical reactions involved in the 5 events chosen in this study were familiar 
to the students was evident by the fact that the majority (28) when asked for the bases 
on which they made their predictions either mentioned that they had done the experiments 
or that they had seen the experiments done before. 
Table 8.1 compares the students' responses associated with each of the 4 aspects measured 
over all 5 main events for the U6 and L6 interviews in tenns of percentage of total 
possible KEs included in the average student's responses. (Progression is discussed in 
chapter 9. ) 
Table 8.1 
Aspects A to D: Percentage of key elements included in the average student' s responses (over all 
students irrespective of school) in the U6 and L6 interviews 
A c! vapect U (n=48) L (n=48) 
A 84% 78% 
B 33% 9% 
c 36% 14% 
D 14% 9% 
From Table 8.1 ý it can be seen that the students perfort-ned. 
best on aspect A and worst 
on aspect D at both U6 and L6 interviews. This indicates that on the whole, students did 
know what reactants and products were involved in the presented chemical changes, but 
were largely ignorant about the energetics and driving force behind the chemical change 
as represented by the related aspects B, C, and D. 
To test if students' individual performance was related across these three aspects (B, C 
and D) the correlation coefficients between the KE scores on various aspects at U6 were 
examined; these are presented at Table 8.2 below. 
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TABLE 8.2 
CORRELATION BETWEEN U6 SCORES ON ASPECTS A, B, C AND D 
A-U-KE B-U-KE C-U-KE D-U-KE 
B-U-KE 0.30 
C-U-KE 0.46 0.67 
D-U-KE 0.27 0.38 0.37 
TOT-U-KE 0.57 1 0.84 1 0.93 10.61 
This table shows high correlation between the aspect B and C scores (0.67, significant at 
0.2 level) indicating that in general students who poorly understood the process of 
chemical reaction were also likely to score poorly on overall energy change. It also shows 
that total KE scores at the U6 are more highly correlated with aspects B and C than the 
other 2 aspects. This suggests that most of the progression at the U6 level (ie the TOT-U- 
KE scores) comes from improvement on scores in aspects B and C, rather than those in 
aspects A and D. This conjecture is supported by this researcher's post-interview 
assessment that aspect A had been relatively easy for most students, whilst aspect D had 
proven to be very difficult for the majority of students, even at U6. 
The relative difficulty with which the students handled aspects B, C and D as compared 
to aspect A indicates that, in general, students had a good understanding of the "what" 
of chemical reaction but a poor understanding of the process issues ie. the "how" and the 
111AY11. 
From another perspective, aspects B, C and D are much more closely related to each 
other than to aspect A since they all pertain to changes at the microscopic level, whereas 
aspect A essentially refers to change at the macroscopic level indicating that students 
appeared to be well-versed on the macroscopic aspects but lacking understanding on the 
n*roscopic aspects. 
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8.2 SUMMARY OF STUDENIIS'AYrAINMENT By SCHOOL BY EVENT 
Table 8.3 presents the attainment of the U6 and L6 interviewees over the 4 aspects by 
event and by school in terms of the total number of KEs included in the average student's 
responses (p values of significance are also included). 
Table 8.3 
MEAN U6 AND L6 SCORES ACROSS ASPECTS BY EVENT BY SCHOOL AND THE AVERAGE 
OVERALL SCORES BY EVENT 
Sc lu IL 2U 2L 3U 3L 4U 4L 5U 5L 
c 3.9 2.6 1.6 0.4 3.7 1.7 2.9 2.3 3.1 1.8 
R 5.9 3.1 5.7 1.4 6.8 2.3 5.2 2.3 3.3 1.6 
p 6.2 3.9 4.8 2.1 7.1 4.2 5.3 2.4 4.2 1.6 
E 3.6 2.3 4.6 3.4 5.5 3.9 3.1 2.3 1.8 1.7 
s 5.5 4.2 4.0 1.2 5.3 2.7 3.6 2.7 2.8 2.0 
p . 041 . 013 . 018 . 002 . 002 . 005 . 010 . 631 . 053 . 859 
Av 5.02 3.22 4.14 1.70 5.68 2.96 4.02 2.40 3.04 1.74 
From Table 8.3 it can be seen that U6 scores were highest for event 3, followed by event 
1, then 2,4 and 5 in descending order; while the L6 scores were highest for event Iý 
followed by event 3, then events 4,5 and 2 in descending order. Also there were 
significant differences (p<-0.05) between schools on all events at the U6 level; at the L6 
level, there were significant differences on events I to 3 but not 4 and 5, which seemed 
to be the most difficult for students, as predicted by this researcher. The fact that there 
were significant differences on events 4 and 5 at the U6 level suggests that some schools 
made more contribution on students' learning than others. (This is discussed ftuther in 
chapters 9 and 11. ) 
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8.3 STUDENTS UNDERSTANDINGS ACROSS EVENTS 
In this section, the major ACs, as they were revealed by event tyM, are presented in sub- 
section 8.3.1 whilst section 8.3.2 presents a discussion of students, understanding of the 
events and relates these to the fmdings of previous studies. 
8.3.1 SUMMARY OF STUDENTS'ACs BY EVENT TYPE 
(Nw-nbers of students subscribing to specific ACs are provided in Table H. I in Appendix 
H. ) 
a. ACs related to 
a. 1. In a nurnber of cases, the everyday notions about buming co-exist with scientific 
views. For example, metals like copper can only melt (or form the oxide) but not 
be burned; only carbon containing compounds bum to release energy. 
a. 2. Some students thought that burning can take place without oxygen - because the 
everyday understanding of the term buming as catching fire or application of heat 
was used. 
a. 3. The role of oxygen in burning was not understood; oxygen was seen as playing 
a pemiissive or an active role. 
a. 4. The sin-filarity between the candle flame and bunsen flame was not recognised. 
a. 5. Metals are thought to melt but not bum. 
a. 6. Metals are thought to oxidise but not bum. 
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a. 7. Only carbon containing compounds were thought to be capable of burning. 
a. 8. The candle wax in a burning candle was Perceived as not to be burning but only 
melting. 
b. ACs related to metal-acid redox reaction (Mg-dilute HCI interaction) 
b. 1. Water, the solvent, was not seen as playing any significant role, so that the non- 
aqueous reaction was thought to have a faster speed than the one occurring in 
aqueous medium (which is contrary to the chemist's view, where no reaction is 
expected between pure HCI and magnesium ribbon). 
b-2. In the aqueous medium, HCI was generally conceived to exist as a polar covalent 
molecule or as W and Cl- ions with ionic bonds between the ions, rather than as 
free ions . 
b. 3. The concept of ion-solvent bonds is largely unknown or unclear. 
b. 4. The chemical mechanism involving electron transfer between magnesium atoms 
and hydrogen ions was largely unknown or misconstrued. 
b. 5. There was confusion between oxidation numbers and electrical charges, which led 
to magnesium being conceived as existing asMg` ions rather than as'Mg` atoms. 
b. 6. The reaction was generally known to be exothennic but the heat evolved was 
thought to come from the breaking of the bonds between H and Cl in the acid as 
well as in the metal. 
V. The driving force was thought to be either the magnesium (when it was perceived 
as being more reactive than hydrogen) or the HCI (when the view that 'acids 
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attack metals' is held). In both cases, one chemical was Perceived to be the 'active' 
agent which 'causes' the reaction. 
C. ACs related to precipitation reaction 
While the role of water as solvent was better known than in the metal-acid reaction, the 
effect of solvation and concept of ion-solvent bonds were largely not understood. The 
result was various ACs about how the process took place. 
C. 1. During the reaction, the bond between sodium and chloride as well as that 
between lead and nitrate break; new bonds between sodium and nitrate (as well 
as between lead and chloride) were formed. 
c. 2. The energy change involved was generally unknown; even at the U6 only about 
one-third could predict correctly the energy change involved. 
c. 3. Sodium metal was perceived to be more reactive and therefore displaced lead out 
of lead nitrate, i. e., relative reactivity between elements is the perceived driving 
force. 
c. 4. Water is perceived to be the driving force (this was the response where the student 
did not confuse an element with its compounds and go for the previous AC, i. e., 
soditun as the driving force). 
8.3.2 DILSCUSSION OF STUDENTYUNDERSTANDING OF IM EVENTS 
It seemed that only a handful of the sixth formers interviewed were able to generalise 
across the 5 events and see them as representing chemical change in the way that a 
chetnist would, i. e., involving collisions between reactant particles, bond breaking, bond 
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making, and being the consequence of the saine driving force behind them. 
At another level, a significant proportion of the students were not able to generalise across 
the first three events, i. e., they did not conceive of them as involving essentially the same 
chemical interaction between oxygen molecules in air and the particles of the substances 
involved (copper atoms in event 1, wax molecules in event 2 and methane molecules in 
event 3) resulting in net heat evolved to the surroundings. 
Some of the students, in particular some of the male students in the sample, 
conceptualised metals such as copper as incapable of burning. Instead, they thought it 
would melt if heated to high enough temperatures. This seemed rather surprising to this 
interviewer, since it was quite obvious from the responses of the female students that they 
had done the experiment involving the heating of copper before. For some of the female 
students, however, their AC involved believing that copper will oxidise (forrn copper 
oxide) but it will not bum. Here, it seemed that the prototypic view of burning, i. e. 
catching fire, producing smoke and ash (Driver, 1985) was applied. This also illustrates 
how these students could identify the key elements set out in Appendix C and at the same 
time subscribed to ACs about the concept of burning. This is a pointer to why there is no 
strong inverse correlation between the students' KE scores and the number of ACs 
counted in their L6 responses (see section 9.2, chapter 9). It also supported what had been 
found in other studies that new concepts or scientists' ideas could be incorporated into the 
learner's thinking while the old ACs or preconceptions are left intact (Gilbert, Osborne 
and Fensham, 1982; Head and Sutton, 1985; Pines and West, 1986; Marton and Ramsden, 
1988). 
One possible reason why students conceptualised metals as incapable of burning could 
be found in textbooks. An example is the statement found by this researcher on p. 290, 
Hill and Holman (1978) which states that metals such as copper, lead and mercury "will 
not bum but only form a surface layer of oxide". This is contrary to the scientific view 
that burning is a chemical reaction involving interaction between oxygen and the 
substance being burned, resulting in the formation of oxides, and which is usually 
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accompanied by loss of energy. However, as textbooks are often taken as authoritative 
sources of knowledge, such a statement could easily reinforce some naive ideas that 
leamers have, i. e., that only carbon-containing compounds like wood and paper bum, but 
not metals. 
Ac 
.. for the male students in this sample who thought metals could not bum, in this 
researcher's view, among the possible reasons, is their tendency to think of welding and 
metal working, which involves heating or melting and then shaping metals. It seemed that 
these students had forgotten or ignored the fact that metals could both bum and melt at 
the same time, which was probably a reflection of the "one factor onlyll type thinking 
identified in numerous instances in this study. 
Students not only failed to grasp the scientists' view, which is a generalised concept of 
burning or combustion, but a number of them also appeared to think of flame as a 
substance, an active causal agent or reactant, rather than the evidence and outcome of 
chemical reaction. This view of flames held by students has also been reported elsewhere 
(eg Prieto, Watson and Dillion, 1993; Ross, 1991). 
AQ 
.. reported in studies on younger students (aged 11-12), the sixth formers studied had 
no difficulty appreciating that air or oxygen is needed for burning. However, a number 
of them, like their younger counterparts from earlier studies (Driver, 1985; Mehuet et al., 
1985; Donnelly and Welford, 1988) were not clear about the exact role of oxygen, other 
than it is one of the three "elements" (in some of the students' own words), viz., oxygen, 
fuel and a source of ignition, needed for burning. Ross (1991) also found the same of 
some of his subjects, who perceived oxygen, as a helper/facilitator of burning, rather than 
as a reactant. " 
There was yet another view of oxygen, which was found among a small number of the 
interviewees, an almost opposite view - that oxygen plays an active role in burning, that 
it is a force which knocks off the electrons in the substance being burned (i. e., the 
substance being burned is seen as passive). 
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As. suggested by Brosnan (1992), both views of oxygen - as a permissive agent (ie., the 
role of oxygen as helper) or as an active agent of chemical change - which were held by 
a number of students, are at variance with the chemist's view of chemical change as the 
interaction of equal partners. 
On the whole, to the students, burning or combustion is conceived of as mixed bag of 
things, depending on what was being burned. In some cases, the everyday understanding 
of the term 'bun-fing (as merely the application of heat) was held together with the view 
that fuels bum to release energy. In this scheme, burning can sometimes be endothermic 
and sometimes exothermic. For example, a metal like copper was thought to bum, but the 
effect was a change of state (melting, not oxidation) and the process was thought to be 
overall endothen-nic. Fuels like methane was also thought to bum but the reaction is 
exothermic,, ie releases energy. 
A significant number of these sixth form students also conceived of the flame/heat as a 
substance which reacted with the copper in much the same way that younger students 
(aged 13-15) did (eg., Bell and Brook, 1984; Schollum and Osborne, 1985; Sanniarti, 
1990; Pinto, 1991; Sanmarti, Izquierdo and Watson., 1994). 
For some of the interviewees, flame or fire seemed to remain a mystique or mystery - and 
they viewed the flame as mainly substance (e. g. as containing soot when the focus of 
discussion was a non-luminous flame; some viewed the flame as "the sc4me thing ay 
oxygen'). In some cases, the carbon in the flame was thought to be formed as a result of 
carbon dioxide in the air taking part in the burning (i. e., as a reactant)! 
With a small number of other interviewees, it seemed to this interviewer that they were 
quite happy to accept that somehow things like soot are the stuff that flame or fire is 
made of and it seemed that to them, a bunsen flame was just a flame, like any other 
pwVhernalia in the laboratory, such as an electric hot plate or a burette or pipette. The 
consequence was they told the interviewer that they did not think that there was a 
chemical reaction involved in the candle flame or even the bunsen flame! 
165 
On the whole, many of the interviewees did not conceive of the flame as the evidence of 
chemical reaction, but rather the active agent of change. This might be a reflection of 
their everyday experience - the experiential gestalt of causation (Andersson, 1986b; 
Ogborn, 1990). This inference was f6fther supported by the fact that the vast majority of 
the interviewees, conceived of heat as the driving force behind chemical change. 
In the case of the events 4 and 5, the vast majority did not appreciate the role of the 
solvent (a finding also reported of their study subjects by Prieto et al., 1989; Ribeiro, et 
al., 1990); and among those who saw the solvent as playing some part in the reaction, the 
link between the two events was not perceived. 
In the case of event 4, the magnesium-dilute HCI reaction, it seemed probable that, among 
other factors, that students had not appreciated that there are different levels of 
understanding. 'Ihere is the macroscopic level of understanding (ie the level of bulk 
matter, which allows one to say that magnesium chloride, and hydrogen gas, are formed 
which is represented by the chemical equation, 'Mg + HCI-ý'MgCl2+ H2,. But there is 
yet the next level of explanation in terms of microscopic processes, which views the 
chloride ions as 'spectator' ions ie not involved in the chemical reaction. 
Not having learned to differentiate between the 2 levels of understanding, students (about 
two-thirds) seemed to cling to the notion that because magnesium chloride is fon-ned, 
there must be a bond formed between magnesium and chloride or chlorine (the vast 
majority of the students did not seem to differentiate between the terms 'chlorine' and 
chloride') even at the microscopic level (See case studies I to IV, chapter 12 and 
Appendix M). Having insisted that a bond is formed between Mg and chloride/chlorine 
even in the aqueous product, led them to postulate finther that the Mg-chloride/chlorine 
bond is unaffected by the solvent. Since most students learned that the bond formed 
between a metal (Mg) and nonmetal (Cl) is ionic, this led to the inference that the ionic 
bond is unaffected by the presence of water, the solvent. For some students, this notion 
that the ionic bond is unaffected by the presence of water seemed to fit in very well with 
their preconception of an "ionic molecule", where bonds within an ionic molecule are 
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different to and much stronger than bonds between "ionic molecules". In such an 
alternative fi-amework, the effect of dissolving is to break the weak inter-molecular bonds 
but not the intra-molecular bonds. 
On the precipitation reaction in event 5, as in event 4, most students had difficulties 
understanding the role of the solvent as well as the fact that the reaction does not involve 
the displacement of a less reactive substance by a more reactive one (See case studies I 
to IV, in chapter 12 and Appendix M). 
Many students' ideas did not reflect understanding of the role of the solvent in either of 
the reactions in events 4 and 5; and among those who thought water had a part in 
breaking the bonds in the ionic salts which were dissolved, there were different kinds of 
ACs. One common AC was that water only breaks the weaker mter-molecular bonds 
(which in most cases were said to be Van der Waals bonds) which exist between the 
"ionic molecules" in the ionic solid but not the intra-molecular bonds (which are the ionic 
bonds) within an "ionic molecule". The vast majority of the students had the notion of 
molecules within the framework of ionic bonding, a fmding also reported by Butts and 
Smith (1987) and Taber (1994). 
This notion of an "ionic molecule" could arise from various sources, among which are the 
following: 
the thinkdng that when a positively charged ion like Ce attracts a negatively 
charged ion like 02- and come together (as a result of this attraction), their 
opposite charges "concel ecrh other out" resulting in the fonnation of a neutral 
molecule. 
the 'pseudo-molecular' presentation of the concept of ionic bonding in teaching, 
highlighted in Taber (1994) - where ionic bonding is taught immediately after 
covalent bonding; and represented by one metallic atom (usually 'Na! ) transferring 
electron(s) to a nonmetallic atom (usually 'Cl'). The results of this form of 
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presentation are possible ACs involving the conception of the ionic bond as 
involving only one particle to another particle (instead of conceptualising it as 
non-directional, extending in all directions and involving each particle being 
bonded to nwnerous particles at the same time). 
the practice and procedure of chemical equation writing which has been inculcated 
in the early stages of chemistry lean-ling, where for example, an ionic compound 
like sodium chloride is represented as 'NaCl', without adequate emphasis that it 
is one mole of Na: ' and Cl- particles which are being represented, and not just one 
unit of each. This has led to the misconception that the ionic bond is a bond 
which pertains only to one particle of sodium and one particle of chlorine. 
On the mechanism of the precipitation reaction, no students interviewed had the naive 
notion reported by Schollurn (1982) that precipitation consists of the conglomeration of 
the two reactants to form a new substance. However, at the same time, the vast majority 
did not have the scientists' view of the process involved. 
For example, most of them conceptualised the sodium and nitrate ions as taking part in 
the reaction. In fact, many (two-thirds of the U6 interviewees) viewed the reaction as one 
involving the displacement of a less reactive element/substance by a more reactive one. 
More specifically, many of the students viewed the process as involving sodium, the more 
reactive element, displacing the less reactive lead to form sodium nitrate, "leaving lead 
with no choice but to combine with chloride" (in the words of some of the interviewees). 
This AC could be a reflection of the lack of understanding of the concept of chemical 
reaction (which involves conservation of atoms but not of substance, as discussed in De 
Vos and Verdonk, 1987a, b; Vogelezang, 1987). Or it could be the result of confusion 
between elements, mixtures and compounds (Briggs and Holding, 1985) or the confusion 
between a substances and its particles (Selley, 1978) or both. 
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8.4 STUDENTYUNDERSTANDINGS ACROSS HW FOUR ASPECTS 
In this sectioný the major ACs revealed about the process of chemical reaction, are 
presented in sub-section 8.4.1 whilst section 8.4.2 presents a discussion of students' 
understanding of the process issues and relates these to the fmdings of previous studies. 
8.4.1 SUMMARY OF STUDENTS' ACs REGARDING TIFIE PROCESS OF 
CHEMICAL RFACIION 
(Numbers of students subscribing to specific ACs are provided in Table H. 1 in appendix 
H. ) 
Many of the intuitive or naive ideas found in much younger pupils were still 
prevalent, e. g., transmutation, substantialisation of heat. 
Many students have the "anything goes" view of chernical change, and did not 
seem to have scientists' notions of chemical energetics, and driving force of 
chemical change. 
Many student seemed to be confused about the microscopic particles as well as 
the processes involved in chemical reactions; they were generally confused about 
the various types of bonds, for example: 
there was confusion between the various particles: atoms, molecules and 
ions. 
there was confiision between the particles of a substance and the substance 
itself 
there was confusion between ionic and covalent bonds. 
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there was little understanding of inter-molecular bonds such as hydrogen 
bonds and Van der Waals bonds. 
there was little understanding about ion-solvent bonds 
Many students held ACs about the nature of bonds, for example 
bonds are material entities held together by energy. 
bonds comprised energy, which is released during bond breaking. 
Many students had difficulty in differentiating between physical and chemical 
changes. This particular AC is discussed in detail in section 8.6. 
8.4.2 DISCUSSION OF STUDENTS' UNDERSTANDING OF TIHE PROCESS OF 
CIHENUCAL REACMON 
This section summarises the various understandings held by the students with respect to 
the 4 aspects of the study and relates these understandings to the fmdings of earlier 
studies. 
The study has revealed that, beyond a reasonable understanding of the reactants and 
products of each reaction (the exception being the significant number of students who 
thought that there was no chemical reaction involved in either the candle or bunsen 
flames) 
, the students had no clear understanding of the processes or energetics 
involved. 
What to the researcher, approaching the subject with a scientists' framework, was a clear 
delineation between the related aspects B, C and D, to the students was a confusion of 
partial unrelated understandings. 
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With respect to aspect C, how they view the process of chemical change, this study has 
revealed, as not been done before in the literature, the multiplicity of ways in which ionic 
and covalent bonds and bonding could be confused with each other, and with other kinds 
of bonds. 
On the effect of solvation in water, in spite of having been taught the concepts of la i tt ce 
energies and hydration energies of salts, the polar nature of the water molecule and so 
forth, the vast majority of the students were still holding alternative conceptions about the 
nature of solutions, and also reactions involving solutions. They were also not able to 
reason in terms of the energy changes that accompany solvation (in line with findings 
reported by Cachapuz and Martins, 1987). In fact, to nearly half of the U6 interviewees, 
water had a passive role in the metal-acid reaction. This seemed again to be another 
indication of the use of perceptual thinking or single factor reasoning (associated with the 
view that water, 'H20' is not reflected in the chemical equation, hence it has no significant 
or active role in the reaction) instead of conceptual thinking. Similar findings about how 
the role of solvent was ignored or not understood were reported in other studies (eg Prieto 
et al., 1989; Ribeiro et al., 1990). 
In a small number of cases (3 L6 interviewees), salts were conceptualised. as dissolving 
in each other (eg., in event 5b, which is supplementary to event 5, when a solution of 
copper sulphate is added to a solution of sodium chloride before their eyes, these students 
referred to one of the products formed, ie., copper chloride or sodium sulphate, as soluble 
in the other) and completely disregard the presence of water, in spite of having the 
solutions in front of them. 
Another problem (similar again to findings reported by Cachapuz and Martins, 1987) 
which plagued some of the interviewees, is the inability to discern what constitutes the 
reaction system in question and what its surroundings. For example, some students 
thought that an exothermic reaction would result in the reaction vessel becoming cold 
because heat is given out to the surroundings. Another example is student P4 (case HI, 
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Appendix K who seemed to fl-fink that the product of event I has more energy than the 
two reactants, which is manifested as heat evolved. In some other cases, this had led to 
difficulties in predicting the type of chemical change expected, and in other cases, it had 
led to problems in predicting the energy changes involved, in relation to aspect B. 
With respect to aspect B, there was preponderance of single factor reasoning and/or 
perceptual thinking. For example, with respect to event 1,18 students (40%) thought that 
it was an overall endothermic reaction based on the reason that "without heating, no 
copper oxide would be formed". Similar misconceptions were also reported by De Vos 
and Verdonk (1986); and Johnstone, MacDonald and Webb (1977) of their study subjects. 
In addition, the majority of the students were unable to predict the overall energy change 
because of their misconceptions about the nature of a chemical bond. For a large number 
of the students, the chemical bond was seen as a physical entity, which led to it being 
coded, in the terms of Chi et al. (1994), into the ontological category of "matter". This 
was in contrast to the chemisfs view of the bond as a "constraint-based event"; which 
means that it should be coded into the ontological category of "processes". 
This notion of a chemical bond as matter is then linked to the everyday notion that the 
construction of any structure requires energy input; and its converse, the destruction of 
any structure releases energy, to form the bases for the prevalent AC that bond making 
requires input of energy and bond breaking releases energy. In other words, the notion 
that bond making requires energy input may be the result of extrapolating views about 
events in the macroscopic world into the microscopic world - in the macroscopic world, 
energy is needed to make things, therefore in the microscopic world, energy is also 
needed to make bonds. 
In another variation, both bond breaking and bond making are viewed as requiring energy. 
In this framework, bonds are viewed as requiring energy input to begin the process of 
breaking up; during the bond breaking process, energy is released. This fiwnework is 
probably the result of students superimposing school science (that bond breaking requires 
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energy) upon their own preconceived views (that bonds release energy when they break 
up); a finding in line with those reported by Gilbeft, Osborne and Fensham (1982). 
For some other students, who seemed to be operating at the non-formal Piagetian 
cognitive developmental stage, and who seemed unable to reason by taking into 
consideration various factors at the same time, the fact that most chemical reactions 
require input of heat energy seemed to reinforce their naive view - that the heat input has 
been used to make new compounds, which to them is synonymous to making bonds. 
Somehow, they seemed unable to view the existing bonds and structure as needing to be 
broken, before or during the formation of new bonds/compounds. 
This study has also shown up from a new perspective what other studies (especially those 
in physics) have shown - that the concept of energy is very abstract and difficult for most 
students (Duit, 1984; Bliss and Ogborn, 1985; Gilbert and Pope, 1986; Ogborn, 1990). 
It has shown clearly the lack of understanding about chemical energetics among the A- 
level chemistry students. This is in spite of having been taught relevant concepts such as 
lattice energy, enthalpy of reaction and bond enthalpies, and so forth; concepts which the 
vast majority did not voluntarily mention. Related to this might be the lack of 
understanding of the nature of heat, which was revealed by a number of the interviewees. 
If they do not understand the nature of heat itself, and conceptualised it as a substance 
such as hot air or oxygen, then it is not surprising that they did not feel comfortable 
reasoning in terms of chemical energetics. 
It seemed very surprising to this researcher that there were still a number (albeit a small 
nwnber) of A-level students who seemed to have transmutationist ideas reported by 
Schollum (1982) and Andersson (1986a, 1990) of younger students. An example was 
student C 10, (case IV, Appendix M), who thought that when copper reacts with oxygen, 
carbon dioxide or hydrogen gas might be emitted! 
Such findings raise questions about the kinds of curricula in-situ (i. e., that which transpire 
in classroom situations) and feedback mechanisms and procedures that had been 
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experienced by learners such as student C 10, who seemed not to be fully cogriizant of her 
weaknesses and ACs; and had aspirations for ftuther study within a science discipline 
to become a doctor). 
M I?,: - ated to ideas of transmutation discussed in the preceding paragraph, there were a 
significant number of students who exhibited what this researcher terms the 'anything 
goes' syndrome. For these students, there was clearly the idea that atoms must be 
conserved in a chemical change, but beyond that, it seemed to be: 'anything goes as long 
as the elements are in the soup'. Thus, 4 students thought that carbon dioxide in air is 
involved as a reactant in burning. Ibree students conceptualised the oxygen in the air as 
reacting with the hydrogen gas evolved in event 4 (Mg-dilute HCI reaction) to form water 
(2 cases); and hydroxyl group (case 1, chapter 12) which then accept electrons from Mg 
to form hydroxide ion. Yet another example is the postulate by a student that when 
sodium chloride is dissolved in water, sodium hydroxide and hydrochloric acid would be 
formed, and that there would be no more sodium chloride! 
In relation to energy change, some of the interviewees seemed to exhibit transmutation 
ideas similar to those held by younger students (Andersson, 1983,1986a). For example, 
a handful of the interviewees had the view that matter such as oxygen in the combustion 
reactions such as event I was transmuted into energy. In some of these cases, it seemed 
that the misconception could be linked to the new knowledge that the students acquired 
with respect to Einstein' s mass - energy equivalence relationship (E = mc) which seemed 
to be not properly integrated into students' conceptual frameworks, and was given 
overemphasis and applied in the wrong context. 
It seemed to this researcher that the main problem was students had not learned the 
'WHY behind chemical reactions (i. e., the driving force). If students have not understood 
why it is that some substances put together, and/or heated together react and some do notý 
then it is not surprising that a significant number were labouring under the misconception 
that heat is the necessary and sufficient causal agent of chemical change; and having no 
proper concept of energy nor the amount involved, a number of the interviewees, have 
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postulated that heat input from the surroundings is the causal agent for change. 
8.5 CATEGORISATION OF ALTERNATIVE CONCEPTIONS 
'Ihe data collected revealed the numerous alternative conceptions (ACs) held by the 
students about the nature of chemical reaction. 
Categorisation, in this context, can best be considered by analogy to a three dimensional 
model. The interview process with its five events can be considered the x-axis which 
provides the platform for providing the Key Elements of aspects A to D, the y-axis. The 
y-axis data, ACs grouped by aspects, are presented in appendix H and discussed in 
chapters 4 to 7. The final stage is to categorise into the z-axis based on global 
commonalities across aspects. 
Three distinct categories of AC can be delineated and are presented below. Each category 
contains a number of sub-categories each containing one or more of the AC groups 
identified under aspects A to D in chapters 4 to 7. 
Category 1: AC§ associated with naive chemisby 
Sub-category Li. Groups Al and BI (ACs associated with perceptual 
thinking) 
Sub-category I. ii Group B2 (ACs associated with 'one factor 
only' reasoning) 
Sub-category I. iii Groups A3 and A4 (ACs associated with'anything goes') 
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Categmy 2: ACs associated with the pmcess of bonding and the nature of bonds 
Sub-category 2. i Group B3 (ACs associated with ýnisconceived 
ideas about the nature of bonds and 
wrong direction of the energy change 
involved in bond breaking and bond 
making) 
Sub-category 2. ii Groups Cl and C2 (ACs associated with various 
Sub-category 2. iii Group C3 
confusions, between particles and 
substances, and different qpes of 
bonds and bonding); 
(AC's associated with reactions in V-I'l- 
solutions). 
Categmy 3: ACs associated with the driving fowe of cheinical reaction 
Sub-category 3. i Group A2 
Sub-category 3. ii Group DI 
Sub-category 3. iii Groups D2, D3 
and D4 
(ACS which show ideas of 
conservation and have some 
scientific basis, and arising mainly 
from the lack of understanding about 
the driving force); 
tACs associated with the idea of 
energy input as the driving force); 
tAt"s associated with relative kr-k%- 
reactivity or preferential attraction; 
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with water as the driving force, or 
with entropy). 
The complete categorisation and frequencies of these various ACs are presented in 
Appendix H. 
The three categories are next discussed in detail. 
8.5.1 CATEGORY 1: ACs ASSOCIATED WrM NAIVE CllllýIISTRY 
Although three sub-categories of ACs associated with naive chemistry have been 
identified, many students revealed ACs in two or more of these sub-categories, showing 
interaction between these naive chemistry ACs. Iherefore they are discussed here as a 
single entity. 
Within this category are students whose view of bun-fing was perceptually dominated, and 
was also govemed by everyday notions of the meanmg of the term 'buming' . Such 
students considered the candle wax as not involved in buming, and hence, not involved 
in chemical change. 
There was another group of students who seemed to conceive of burning as involving fire 
(hence some sort of heat or energy change) but had no conception of the true nature of 
burning. For these students, burning need not involve oxygen at all or if it did involve 
oxygen, the role of oxygen was largely unknown. An example is L6 interviewee R2 who 
when asked whether she thought there were chemical reactions going on in the candle 
flame replied: 'V think the air bw-ning is a chemical reaction, but I don't think the candle 
wac itseo'is". 
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There were yet others (such as L6 interviewees E 1, E1 7ý R4 and S 10) who conceived of 
burning as a process which always resulted in the production of carbon dioxide because 
of their preconceived notion that only things which contain carbon can bum. Such views 
probably again arise from the dominance of perceptual thinking and everyday notions of 
the term 'burning where carbon- containing things like wood and paper are conceived of 
as capable of burning but not things like metals. 
Within the group of students who conceived of metals as incapable of burning, two 
subgroups were distinguishable. The first group comprised those described in the 
preceding paragraph as naive thinkers, who were misled by prototypic notions of the term 
burning described by Driver (1985) where burning is associated with being set alight, and 
disintegration into ash and smoke; in this view, metals were seen as incapable of burning. 
Instead, they merely could get hot and melt (and vaporised if heated enough). 
Then there is a more sophisticated group who are placed and described in the next 
, r, n+ Category 2, who viewed metals as capable of forming oxides but incapable of burning 
because of something special in their bonds e. g., E3.1,2; S18.2. 
Then there was view of burning as merely heating or the application of heat, which could 
be related to an everyday notion that 'things burned when there is excess heat applied 
such as the reference of food/dinner burning or skin being burned because of over- 
exposure to the sun or accidental contact with hot objects. An example is student R5, who 
during the L6 interview proposed that there are two kinds of burning, one which involved 
"ca, bon compounds, for instance, when you bum them in oxygen, they give off 
eneTv.. and mother kind of but-ning which is an endothermic reaction. it doesn't give out 
eneTv but it actually take in eneqy so it (re/ening to the substance being burned) can 
change from solid to a liquid to gas. " This latter view seemed to indicate confusion 
between heating and burning. 
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The dominance of 'one factor only' type reasoning (and perceptual thinking) was also 
evident in the way some students reasoned about the overall direction of energy change 
involved (eg in event 1,40% reasoned that the reaction must be overall endothermic 
because heat is needed to bring about the change. 
This study had found a small number of students who seemed to have the transmutation, 
view of chemistry reported in the literature of younger students (eg Andersson, 1986a, 
1990) (see case IV, Appendix M). It seemed to this researcher that there would have been 
more such views revealed at the interviews, if not for the fact that students were generally 
requested to write chemical equations representing the chemical reactions; in the process 
of which, a number of students seemed to be jolted out of any transmutationist view that 
they might otherwise still entertain. This might suggest that chemical equations are 
important for developing ideas of conservation. 
Another group of students revealed ideas which initially appeared to be transmutation 
ideas. However, on further probing, it became clear that because these students had poor 
understanding of the concept of driving force behind chemical change; to them it was 
'anything goes' as long as the elements were present in the surroundings. Eg., C6 
mentioned that copper when heated in the bunsen flame would form copper oxide and 
carbon. On further probing, it became clear that she conceived of the reaction as 
involving the reaction of carbon dioxide with copper to form copper oxide and carbon, 
showing a lack of understanding of the concept of driving force of chemical reactions. It 
also appeared that she had another difficulty. She was confused between reaction systems. 
She appeared to associate soot wrongly with the nonluminous bunsen flame which was 
shown to her (like a number of other students such as C 18 mentioned in section 4-3), and 
then was trying to account for its presence in the flame. 
Another example of the 'anyd-iing goes' view which revealed the lack of any 
understanding of driving force was given by students E 17 and S 10 who both predicted 
that copper in event I would first react to fonn copper oxide, which then reacts with 
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carbon dioxide in air to form copper carbonate. 
8.5.2 CATEGORY 2: ACs ASSOCIATED MM TIHE PROCESS OF BONDING 
AND TW NATURE OF BONDS 
8.5.2.1 Sub-categQU (2. i): ACs associated with misconceived ideas about the 
nature of bonds and wrong direction of the energy 
change involved in bond making and bond 
A ementioned in the preceding sections, within this second category are students such as 
E3 and S 18 who viewed metals as incapable of burning because of alternative conceptions 
about the nature of metallic bonds. Here metallic bonds were seen as different to covalent 
bonds in say, alkanes, and were seen as incapable of breaking when exposed to heat; 
instead these bonds allowed heat to pass through. 'Ibus, the observation that metals like 
magnesium increased in weight was explained away by the absorption or trapping of 
oxygen between the spaces created by metal ions vibrating faster and moving ftuther 
away from each other as a result of the heat passing through them. Thus, in this 
conception, the formation of magnesium oxide was viewed as a physical and not a 
chemical change. 
Within this category is yet another prevalent AC about the nature of bonds, which was 
the view of the chemical bond as comprising energy so that when bonds are broken, 
energy, usually in the fonn of heat, is released; and so that when bonds are fon-ned 
energy is absorbed. In this view, the bonds were seen as doing work in holding atoms 
together and since energy is non-nally viewed as "the capacity to do work" (in the words 
of one student), bonds were then conceptualised as comprising energy. From this, it thus 
appeared to follow that when bonds are broken, energy must be released and vice versa 
when bonds are made. 
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Another AC is the conception of bonds as matter. In the words of one student, "boncls 
must be held together by eneigv". She, like a number of other students appeared to be 
conceptualising the bond as a physical link, a structure like a bridge. Hence in her view 
it required energy both to break and to make bonds. 
In these alternative views, the heat that was released in the exothermic reactions (eg the 
combustion of alkanes) was seen as arising from the breaking of bonds (eg C-H and C-C 
bonds), instead of the scientific view that the heat released was as a result of the 
formation. of bonds (eg C=O and C-H bonds). And the overall exothen-nicity was 
generally seen as the result of the greater number of bonds being broken compared with 
the number of bonds being made (see category ii, Table 10.1, chapter 10). 
8.5.2.2 Sub-categQiy (2. ii): ACs associated with various confusions, between 
particles and substances and different types of bonds 
One group of prevalent ACs is associated with the conftision of element with compound, 
particles of the substance with the substance itself, and also those which involved the 
confusion of oxidation numbers/ electronegativity/ electropositivity with electrical charges. 
Among these was the view that ionic species such as C' and W were involved in the 
mechanism of the combustion reactions discussed in events 2 and 3; which was contrary 
to the scientific view, that free radicals rather than ions were more likely to be involved. 
Among those who confused element with compound were those who viewed the 
precipitation reaction in event 5 (i. e., NaCI(aq)+ Pb(NO3ý(aq) -* 
PbC12(s) +NaNO3(4) as 
arising from the displacement of a less reactive element (Pb) by a more reactive element 
(Na). Here, there was confusion between the properties of mixtures and compounds 
(students seemed to be thinking that sodium in sodium chloride still retained the 
properties it had before it was combined with chloride). This problem of confusion 
between mixtures and compounds had been found with respect to younger students aged 
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15 and below (eg Briggs and Holding,, 1985). 
With a few of these students, in the Mg + HCI reaction, the hydrogen gas which was 
released was represented by 'W in the chemical equation for the reaction, which read 
thus, "Mg + 2HCl -4 MgC'2+ 2W". Thus, these students did not seem to know the 
difference between an ion and a molecule, which in turn could be traced to a lot of 
confusion about oxidation numbers and electrical charges, and so forth. An example was 
the case of U6 interviewee S 14, who explicitly stated that when she wrote "W" as formed 
from the dissolving of hydrogen chloride in water, she did not mean a charged particle, 
instead, it meant that "hydrogen is electropositive, it had a tendency to lose one electron". 
In this scheme of things then two Tr particles combine together to give H2, hydrogen 
gas. The converse of such a view was expressed by L6 interviewee, R4 who represented 
oxygen gas in the air as '0" i. e., oxygen in air has "four minus charges since each 
oxygen has two minus charge". Another AC expressed by some students was that the 
statement, "magnesium is electropositive" meav tha "it exists ay Mg with 2 positive 
chc#ges ' 1. 
Further examples of the confusion between elements and substances, atoms, molecules 
and ions are provided in the discussion under sub-category 2. iii on ACs relating to 
solutions and show quite graphically how ACs in one area support and foster ACs in 
another. 
Then there were a number of students who were confused between ionic and covalent 
bonding, and lArithin these, there were many different kinds of confusion. 
a) There were those who got the tenns, swapped in their view; i. e., ionic bond was 
seen to involve sharing and covalent bonding to involve transfer of electrons. 
There were those who conceived of a covalent bond as fonned by the sharing of 
one electron between two atoms; i. e., one of the atoms donates an electron which 
is then shared between the two atoms which are said to be held by the covalent 
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bond. 
C) There were those who had no proper concept of electronegativity, and hence no 
concept of electronegativity difference, and to whorn, there seemed to be no rules 
governing the bonding process. To these students metals, such as magnesium and 
copper, could form covalent bonds with non-metals like chlorine or oxygen. 
d) Then there were those who seemed to find it difficult to conceive of the ionic 
bond; who either seemed fixated on the idea that a bond must necessarily involved 
a pair of electrons (or more pairs of electrons in some cases) between two atoms, 
say, A and B, which could then be represented by a line drawn between the two 
atoms, such as 'A-B' or who found it difficult to conceptualise the ionic bond 
diagrammatically. Among these were students who explicitly stated that they did 
not know how to draw the ionic bond; there were also others who said that the 
ionic bond and metallic bonds were "not real bonds, in the sense of covalent 
bonds". 
e) Among the students who seemed to know that a metal and a non-metal tend to 
form an ionic bond, and who could picture the process of electron transfer 
between copper and oxygen, were those who had the n-usconception that the result 
of the attraction between the two oppositely charged ions formed was the 
neutralisation or the cancelling of charges, leading to the formation of a neutral 
molecule. From this, they ftu-ther theorised that not only do ionic compounds 
comprise discrete, neutral molecules but that the bonds within the molecules were 
stronger than the bonds between molecules. 
Some students created their own rule about how electrons in a bond were shared; 
eg, in referring to copper oxide, oxygen was said to donate electrons for sharing 
because it had "more electrons in its outer shell than copper". 
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8.5.2.3 Sub-cate"o y Qjiiý: ACs associated with reactions in solutions 
For students who seemed to have some scientifically acceptable views of the ionic bond, 
there were numerous other ACs which were identified in connection with events 4 and 
5, in the discussion involving the role of solvent in the breaking of ionic bonds in a 
soluble salt such as sodium chloride. For example, there was the conception of the 
breaking of the ionic bond as the reversal of the process of electrovalency, i. e., when the 
ionic bonds in sodium chloride are broken by the water molecules, the positively charged 
sodium ion (which was formed by the sodium atom transferring its valence electron in 
the first instance to the chlorine atom, which resulted in the formation of negatively 
charged chloride ions which then attract each other to form solid sodium chloride) took 
back its lost electron, i. e., the charge on the sodium ion became neutralised. 
Another prevalent AC associated with reactions in solution was the opposite view that 
ionic bonds, which were seen as intra-molecular bonds, were not affected at all in the 
dissolving process, ie., the solvent was seen as not playing a significant part other than 
bringing about dilution of the substances involved or other than the provision of a 
medium for the reaction to occur. Instead, only the weaker bonds between molecules were 
broken. Thus, in this view, magnesium was conceived of as forming a bond with chlorine 
even though the magnesium chloride was formed in solution; and the sodium was 
conceived of as forming a bond with the nitrate ion even though again sodium nitrate was 
soluble. 
The misconception about the role of the solvent and its non-effect on ionic bonds 
discussed in the preceding paragraph seemed related to another preconceived notion that 
students have: the fact that the reaction between the metal and acid in event 4 and the 
precipitation reaction in event were both seen as displacement reactions, involving the 
displacement of a less reactive substance by a more reactive substance. Such a concept 
of displacement appeared to have been introduced in the early stage of chernislay lean-fing. 
Then at the lower levels, these students appeared to have been told that only metals which 
are more reactive than hydrogen in the activity series would react with dilute acids to 
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form salt and hydrogen gas. (Another example of the displacement AC was revealed in 
the precipitation reaction in event 5. ie., NaCl(aq) + Pb(NO3)2(4 -> PbCI2(, ) + NaNO3(aq); 
where sodium, as the 'more reactive' substance, displaces the 'less reactive' lead. As 
discussed under category 2(ii), there appeared to be various confusions which led students 
to think that sodium in sodium chloride still retained the properties it had before it was 
combined with chloride. ) 
As a result of firm entrenchment of this notion about displacement at the lower levels, . 110 
this notion, which had become a preconception, had been resistant to further instructior-4 
and additional ideas introduced at upper levels had merely been interpreted in the light 
of the old preconceived ideas which had led to view that the ionic bond is retained when 
a substance is in the aqueous state; and that it was weaker bonds within "ionic" 
molecules, (which in many cases are seen as Van der Waals bonds) which were broken 
in the process of dissolving. 
In the case of event 4, the preconceived notion about the reaction being a displacement 
type reaction had also rendered it difficult for the students to properly conceive of the 
reaction as involving the transfer of electrons from magnesium to hydrogen. Instead, new 
learning about bonds and types of bonds had been misinterpreted in the light of the 
students' preconceptions. For example, students who are bugged by the preconceived or 
misunderstood notion of displacement, who had learned at some earlier stage in their 
science/chemistry curriculum that the metal-acid reaction is the result of the displacement 
of hydrogen by magnesium (a more reactive substance or a substance higher than 
hydrogen in the activity series), had interpreted the microscopic process in event 4 as 
involving "magnesiwn taking the p1cre of hydrogen in the compound HC1". Their 
subsequent exposure to the concept of chemical bonds, ionic, covalent and so forth, 
seemed to be interpreted in the light of displacement: thus they view the reaction process 
as involving the displacement or "pushing out" of hydrogen by magnesium, i. e., involving 
the breaking of the H-Cl bond and its replacement by the Mg-Cl bond. 
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Another source of students' difficulties could be traced to their preconception that if an 
ionic compound is formed, then electron transfer must be involved. In this view, because 
magnesium chloride was regarded as being formed (besides hydrogen gas) and because 
it was known to be an ionic compound, the process through which it was formed must 
therefore involve the transfer of electrons from the metal atom to the non-metal atom. (In 
a sense this type of AC could also be placed in category as a result of shallow or 'one 
factor only' type thinking. ) 
In many cases where the acid was seen as undissociated ie still retaining its molecular 
state, the reaction process was viewed as involving the transfer of electrons from 
magnesium atoms to the Cl in the H-Cl molecule, resulting in the breaking of the H-Cl 
bond and the fon-nation of the Mg-Cl bond. Within this framework, there were a number 
of students who also confused ionic and covalent bonding - these students maintained that 
the Mg-Cl bond was ionic, but they could only draw covalent diagram to represent the 
bond. 
It was surprising that the various ACs and preconceptions prevailed even among students 
who could recall leaming that in dilute HCI there were hydrogen ions and chloride ions 
formed. In such cases, there were a few common approaches to the resolution in favour 
of their preconceptions. 
One approach was to view the ionic bond between W ions and Cl- ions as still existing 
in the presence of large amounts of water; and that the addition of magnesium led to the 
replacement of one ionic bond by another. Here, the magnesium metal was viewed as 
comprising Me ions (a reflection of the confusion of oxidation nuffibers/electropositivity 
with electrical charges; i. e., to these students, the fact that magnesium is electropositive 
means it has a positive charge), thus the reaction was viewed as the replacement of the 
bond between hydrogen and chlonne with a bond, a similar bond, between magnesium 
and chlorine. 
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Another approach was to view the chloride ions as "giving back" the electron that it had 
taken from hydrogen to the H' ions; and the chlorine atoms thus formed then accepted 
electrons from magnesium atoms resulting in the formation of an ionic bond between Mg 
and Cl. 
There were yet other different variations within this view of electron transfer between 
magnesium and chlorine: 
There were some students who maintained that writing ICV from dilute HCI does 
not mean that chlorine has already got the extra electron that it needs; instead, to 
them, it meant that chlorine has one more vacancy for electrons. 
There were yet other students who regressed, i. e., changed their view of the dilute 
acid as comprising W ions and Cl- ions to the view of HCI as comprising H-Cl 
molecules (some students had the additional view of HCI as a polar molecule, 
comprising a permanent dipole as a result of the difference in electronegativity 
between hydrogen and chlorine. A number seemed to know that chlorine is more 
electronegative, hence it has a partial negative charge while H has a partial 
positive charge). Thus, for those who viewed dilute HCI as comprising covalent 
H-Cl molecules, the reaction process was viewed as magnesium, the more reactive 
metal, pushing its electrons towards the chlorine, resulting in the formation of the 
magnesiwn-chlonde bond, and the breaking of the H-Cl bond. Here, the bond 
breaking was seen as essentially involving homolytic fission, i. e., the H and the 
Cl each took back its own electron which was used to form the covalent bond. 
Besides these, there were a small number of other students who had other views of how 
the displacement of hydrogen by magnesium took Place: 
Magnesium has a larger nucleus than hydrogen, therefore it is more 
electronegative than hydrogen and was able to grab the electrons of chlorine from 
hydrogen in the H-Cl bond. (In this view, there was clearly shallow or'one factor 
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only' type reasoning, as manifested for example in making reference to particle 
size without making specific reference to the nuclear charge and the screening 
effect of inner shells of electrons, etc and the misunderstanding and misapplication 
of the term 'electronegative' to magnesium. ) 
Magnesium has a bigger overall charge of +2 compared to the +1 charge of 
hydrogen so Mg has a greater power to attract and bond with chlorine. (This view 
was an extension of the view discussed earlier; the only difference was that here 
a different reason was given to explain the displacement of hydrogen by 
magnesium. Whereas the earlier view was based essentially on the reason that 
"magnesium is more reactive than hydrogen, its position in the activity series 
being higher than that of hydrogen", in this present view, the relative magnitude 
of the electrical charges was seen to be the reason for the displacement. However, 
practically all the students who held this view could not explain why the 
magnesium came to have a 2+ charge in the first Place. 
8.5.3 CATEGORY 3: ACs ASSOCIATED VJM DRtVING FORCE 
In this category, as in the Category 1, the three sub-categories are discussed in total. 
However, the reasons are different. Whereas in the case of Category I ACs, there were 
nuumerous different ACs associated with naive chemistry which interacted with each other, 
in this category, there were relatively fewer varieties of ACs. Here, in fact at both U6 and 
Lb, the prevalent AC was that chemical reactions needed a causal agent; and in the vast 
majority of cases, that causal agent is either heat or the internal energy of one (sometimes 
both) of the chemicals involved. 
In events 4 and 5, where clearly no energy was supplied, two main views were seen. In 
one view, heat absorbed from the surroundings was the driving force. In the other view, 
the reactive substances present (such as magnesium or the acid in event 4, and the sodium 
in event 5) was seen as capable of releasing energy which drives the reactions. 
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Within this category are ACs about the concept of entropy which were held by some 
students. These students appeared to have difficulty grasping the concept of entropy, and 
even more so, the idea of the increase in entropy of the universe as the driving force of 
chemical reactions. An example of the nature of ACs related to entropy was that 
expressed by L6 interviewee, PIO who when asked what was the driving force of the 
precipitation reaction in event 5, said, 'Diving force?.. to make it more stable-make it 
a solid. less entropy.. A solid. an insoluble solid is more stable thm a solution. hav less 
enftqW.. different if the solid is soluble in wceer. for exawple, sodium chlotide dissolves 
beccwe it is attructed by wceer". Here, her lack of understanding of the concept of 
entropy was evident. The fact that student P 10 did not mention the term entropy at all at 
the U6 interview seemed to suggest that she had not resolved her difficulties in handling 
the concept. 
This was in contrast to student P 18 who mentioned the term entropy in both interviews 
and who appeared to show some improved understanding of the concept, albeit still 
vague. At the L6 interview, when P 18 was asked why she thought magnesium was more 
reactive than copper in the context of a metal-acid reaction, she said, 'M something to 
do with the eneWv levels in it.. like magnesium ha-v a higher eneqy level than copper, 
apid, or higher entropy. I'm not very sum wha entropy is.. I'm not very good of entropy.. I 
xswne that the reaction of dilute HC1 is mom likely to occur than maction with copper 
become.. itý more easy to stabilise become it can give out mom eneqy or itý more likely 
to stabilise. " 
At the U6 interview, P 18 seemed to have more idea of the concept of entropy, but got 
it the opposite way round, by confusing it with enthalpy and associating it with less order 
as can be inferred from what she thought was the driving force of the precipitation 
reaction in event 5, "it ý the chcnge in entropy.. it ý losing enerýy when it becomes a solid 
so tha ý the wayon for mtrtion to occur. becoming less.. becoming more stntctwvd " 
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8.6 STUDE'4TS' UNDERSTANDING OF CMEN111CAL CHANGE VERSUS 
PHYSICAL CHANGE 
Some students seemed to have difficulties distinguishing between chemical and physical 
change. This was evident in the number of interviewees, who thought melting of metals 
and wax and/or dissolving was a chemical reaction. Blanco et al. (1988) (mentioned in 
Prieto et al., 1989) working with students aged 15-17 and Prieto et al. (1989) working 
with students aged 11-14 also found that students conceived of dissolving as involving 
a chemical change. Schollum (1982) also reported that some pupils had a 'conglomerate 
vieW of dissolving, in which the solute and solvent interact to produce a new substance 
with new properties. Schollum (1981) also reported a similar finding in which students 
aged 11-18 years included the processes of dissolving and vaporisation in the category 
of chemical change. 
Like some of the students in other studies, most of the students in the present study have 
learned the defmition that a chemical change results in a new substance formed, but they 
also seemed to struggle with what constitutes a new substance. Is the outcome of melting 
(say a metal like copper) or dissolving table salt in water, a new substance? The outcome 
seemed more perceptible than that of adding a dilute acid to an alkaline solution. So how 
does one tell whether a new substance has been formed? Can heat change be a criterion 
or sign of chemical change? It seemed not because heat change was perceptible in all 
three cases (melting, dissolving and neutralisation). And in the case of some chen-fical 
change (e. g., precipitation) no heat change is perceptible. It seems that one has no choice 
but to use the criterion of new chemical properties to decide if new substances have been 
formed. The test for new chemical properties however, again involve the concept of 
chemical change, so it seemed like a circular argument. 
Moreover, in the case of hydrogen chloride added to water, it seemed that the aqueous 
HCl formed has different chemical properties to the separate 'reactants' i. e., water and 
gaseous HCI. For example, the'product' aqueous HCI would react with magnesium ribbon 
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whereas each of the 'reactants' (water or gaseous hydrogen chloride) on its own would 
not. 
Thus, it seemed that the criterion of new properties (which leads to the inference that new 
substances are fonned) could be problematic. 
What about the criterion of bond breaking and bond making.? Some students mentioned 
that chemical change involved breaking of intramolecular covalent bonds, whereas 
physical change does not. Is this a satisfactory defmition? It would then mean that melting 
of substances with giant molecular structures should be considered as chemical change. 
What about the breaking of ionic bonds - should this be included in the category of 
chemical change? If it does, then it means dissolving of ionic salts would be considered 
a chemical change. If it does not include the breaking of ionic bonds, then it would seem 
incomprehensive because the numerous substances with ionic bonds would not be covered 
in the definition. 
Students also struggled with the concept of reversibility/irreversibility of chemical 
reactions. It seemed that at the lower levels, they had been taught that one distinction 
between a chemical change and a physical change is that the latter is easily reversible 
whereas the former is not. Then at A-levels, they were taught the concept of equilibria 
and so forth and were told that all chemical reactions are theoretically reversible, and that 
a large number are easily reversible! 
Some students have struggled with all these difficulties, and have tried to make sense of 
it all by concluding that a chemical reaction is a change, any change, including a physical 
change, occurring in any chemical. Based on this definition, they have concluded that the 
melting of wax, for example, is a chemical reaction because it involves wax changing its 
physical state and because wax is a chen-dcal. It seemed that implicit in this thinking is 
the use of the everyday understanding of the term "reaction" - e. g., that of "a response 
to some foregoing action or stimulus". 
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The dominance of everyday meanings of terms over their scientific meanings in the 
thinking of these students is not entirely surprising in view of the fact that older students, 
with even more exposure to formal chemistry instruction, have suffered from the same 
problem as reported by Ribeiro et al. (1990) in relation to fmal year university chemistry 
students' understanding of the term 'chemical reactiod. In addition to the possible 
confusion with the everyday meaning of the term 'reaction' , there is also the likelihood 
of confusion with its meaning in physics (e. g., as used in Newtons Third Law of Motion) 
which is different to the meaning in chemistry. Sometimes, confusion between chemical 
and physical change can also arise from the inadvertent/inappropriate use of words by 
teachers. The following example, taken from an article in the Science Teacher, ' in which 
a teacher was sharing words of wisdom with other teachers: "Explain to your students that 
melting is always an endothermic reaction because the attractive forces holding the ions 
or molecules together in the solid phase must be overcome. " In such an instance, if 
chemistry teachers themselves refer to melting as a reaction, it is no wonder that students 
also refer to melting and other changes in physical states as a chemical reaction. 
These difficulties of students with concept of chemical versus physical change/reaction 
suggest that perhaps we, chemistry teachers as well as curriculum developers should 
review the way the concept of chemical change/reaction is introduced and developed in 
teaching and in curTicula materials. 
'Hapkiewicz (1991) 
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8.7 SUMMARY OF CHAPTER 
The study has shown that A-level chemistry students hold a wide range of alternative 
conceptions about the nature of chemical reactions. VVhilst the interaction of different ACs 
in students' minds seems at first sight to provide an almost infinite range of 
understandings, this study has identified three main categories of alternative conceptions: 
ACs associated with naive chernistty 
A i's associated with nature of chemical bonds and energetics I ]L%-ý 
ACs associated with the driving force of chemical reaction. 
As well as the inevitable interaction of ACs in students' minds, matters are made worse 
by the low level of ability of students to generalise across all events and to see each of 
the five events presented in terins of the same model of colliding particles, bond breaking, 
bond making and energy changes. The findings suggest that in general, students were 
misled by perceptual clues, to perceiving a number of different types of reactions, each 
governed by a different set of process rules. 
Questions are raised concerning the level of cognitive development required by students 
to integrate microscopic concepts into existing macroscopic frameworks. 
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CEAPTER 9 
PROGRESSION AND NON-PROGRESSION ANMG STUDENTS IN TIE STUDY 
9.0 OVERVIEW 
Progression is generally defined as the extent to which students' conceptions change to 
match those of scientists' views. One of the chief aims of instruction is to bring about 
progression. This chapter is aimed at examining the kinds of progression or non- 
progression shown by students in the period between the 2 interviews. The purpose is to 
derive some possible explanations behind progression or non-progression, which in turn 
could be used to inform teaching and perhaps curriculum development and 
implementation. 
Section 9.1 seeks to answer some general questions on progression: 
What are various forms of progression that were shown by students? 
How do students progress in terms of KE scores across events and aspects? 
How do students progress in terms of number of ACs held? 
How do the schools differ in ten-ns of progression? 
Section 9.2 further examines the relationship between KE and AC scores at both U6 and 
L6 levels. 
Section 9.3 examines the ACs in terms of their persistence at the U6 level. 
Section 9.4 delineates and describes generally two groups of students; the top group 
comprising students who showed the most progression, and the bottom group comprising 
students who showed the least progression. 
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Section 9.5 examines the patterns of progression between the two groups in terms of KE 
scores and ACs held by event and aspect. 
Section 9.6 explores and suggests some reasons why the top group of students progress 
more than the bottom of group students. 
Section 9.7 discusses some possible reasons for increase in ACs between interviews. 
Section 9.8 discusses the relationship between chernistry understanding (in ten-ns of KE 
and AC scores) and the science subjects studied at GCSE. 
9.1 FORNE AND PATIERNS OF PROGRESSION 
In a broad sense, the progression shown by the study students was seen in various fonns, 
such as: 
a change from responding, 'V don't know" to a question, to being willing to offer 
explanations and theories, even if they turn out to be at variance with scientists' 
views. This means that an increase in the number of ACs held by a particular 
student is not necessarily indicative of regression or non-progression. Instead it 
could be taken as an indication of progression. Conversely, a smaller number of 
ACs revealed at the U6 level is not necessarily indicative of progression if it were 
the result of students becoming less motivated and less willing to speculate and 
theorise (eg., student El, case 11, Appendix M) 
a change from using macroscopic or vague explanations (or an unwillingness to 
use explanations which involve particles) to using explanations which involve 
particles and microscopic processes. This again means that an increase in the 
number of ACs is not necessarily indicative of regression or non-progression. 
Instead it could be taken as an indication of progression (eg., student P4, case III, 
Appendix M- at L6 she was unwilling or unable to use explanations on aspect B 
which involve particles; but this was changed at the U6 to include particles and 
microscopic processes). 
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a change from anthropomorphic explanations to more objective explanations. (Eg. 
student R7, case 1, chapter 12 - at the L6 on aspect D in events 4 and 5, used 
anthropomorphic explanations. At the U6, he changed to more objective 
explanations invoking the concept of entropy. ) 
a change from viewing chemical change as involving an active causal agent acting 
on one or more passive substances to viewing it as involving the interaction of 
equal partners (in the terms of Brosnan, 1992). One example is student P2 who at 
the L6 said that the driving force in event 4 was "magnesim " and that in event 
5 was "sodiwn " because both metals were viewed as reactive and hence active 
causal agents. At the U6 she appeared to have shifted from her view of unequal 
partners to that of equal partners when she said that the driving force in events 4 
and 5 was "all the mcrtmts being in contcrt with ecrh other". 
the increase in the number of key elements (KEs) in a scientifically acceptable 
explanation included in the U6 response compared with the L6 response; 
a general reduction in the nuthber of ACs held; 
While recognising that there are various forms of progression, only the last two forms 
(change/increase in KE scores, abbreviated as'T-PRO-KE; and change/decrease in number 
of ACs counted, abbreviated as 'T-PRO-AC') will be examined more closely in this 
chapter. 
(A full list of alternative abbreviations is given in the glossary of tenns preceding chapter 
I. ) 
Table 9.1 compares the students' responses associated with each of the 4 aspects measured 
over all 5 main events for the U6 and L6 interviews in terms of percentage of total 
possible KEs included in the average student's responses. The final column gives the 
difference between the L6 and U6 scores which represents a measure of progression 




ispects A to D: Percentage of key elements included in the average students responses (over all 
students irrespective of school) in the U6 and L6 interviews and the difference in scores between the 2 
interviews 
Ac 
ispect U (n=48) L (n=48) U-L 
A 84% 78% 6% 
B 33% 9% 24% 
c 36% 14% 22% 
D 1 
14% 19% 1 
5% 
From Table 9.11 it can be seen that the students performed best on aspect A and worst on 
aspect D at both U6 and L6 interviews. This indicates that on the whole, students did 
know what reactants and products were involved in the presented chemical changes, but 
were ignorant about the driving force behind the chemical change. 
It can also be seen that the progression (U-L) were smallest for aspects A and D (6 and 
5% respectively). However, the reasons behind these were very different. 
On aspect A, it seemed that students had already acquired most of the KEs at the L6 level 
(i. e., aspect A was easy for them even at the L6 level. This fact is perhaps more obvious 
in Table 4.3 (chapter 4), which shows the number of KEs included in the average 
student's responses by school and by event. ) so that little progression could be made at 
the U6. 
Aspect D, in contrast was difficult for the students even at the U6 level, so that the 
progression was small. 




MEAN PROGRESSION SCORES (U-L) BY ASPECT BY SCHOOL 
School A-PROG-KE B-PROG-KE C-PROG-KE D-PROG-KE 
C 0.8 2.0 2.9 0.9 
R 0.2 7.3 5.7 2.8 
p 1.7 4.3 7.5 0.1 
E -0.5 1.7 3.1 0.7 
S 0.8 3.6 3.3 0.8 
p . 013 . 000 . 005 . 077 
Av-PROG 0.60 3.78 4.50 1.06 
Table 9.2 shows that there were significant differences between the schools on the 
progression scores on aspects A, B and C (p:! ý0.05). On aspect A, students from school P 
made significantly better progress than students from the other schools; on aspects B and 
C, students from schools R and P made significantly greater improvements. 
Table, 9.3, which shows the mean progression (U-L) scores by event with p values of 
significance. 
TABLE 9.3 
MEAN PROGRESSION (U-L) SCORES BY EVENT 
School EI-PROG E2-PROG E3-PROG E4-PROG E5-PROG 
C 1.3 1.1 2.0 0.7 1.3 
R 2.8 4.3 4.4 2.9 1.7 
p 2.3 2.7 3.0 3.0 2.6 
E 1.3 1.2 1.6 0.8 0.1 
S 1.4 2.8 2.6 0.9 0.7 
p . 379 . 
018 . 023 . 
007 . 010 
Av-PROG 1.82 2.42 2.72 1.66 1.28 
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Across events it can be seen that students in schools R and P generally made the most 
progression (for convenience they are referred to as the good schools in this thesis) 
whereas students in schools C and E generally made the least progression (schools C and 
E are referred to as the weak schools in this thesis). School S generally produced results 
which were mtermediate between the good and the weak schools. 
It can be seen that the largest progression was made in event 3, followed by events 2, 
then 154 and 5. 
As could be seen from Table 8.3, chapter 8, the students' L6 scores were highest in event 
3 followed by events 3, then 4,5 and 2 in that order. That the greatest progression was 
made in event 3 and say, not event 1, is understandable because in event I the L6 scores 
were already rather high (leaving less room for improvement compared with event I say) 
and it had not been explicitly covered in the A-level syllabuses. This is different to the 
case of event 2, which had been explicitly covered in the A-level syllabuses in connection 
with topics on combustion of alkanes as part of the organic chemistry syllabuses and also 
as part of thermochernical. calculations in the physical chemistry sections in the syllabuses 
(This point had been verified by infortnal discussion with some of the teachers and 
students involved. ). 
That there is high progression in event 2 could be explained perhaps by the fact that the 
L6 scores were lowest for this event, leaving much room for improvement and that as 
students progressed on event 3, they tended to make similar progression as they moved 
towards using a common explanation/model for the 2 flames reactions involved (see 
section 10.2, chapter 10). 
The low progression on events 4 and 5 reflects the difficulties students had in 
understanding the role of the solvent (or even that the solvent had a role at all) with the 
accompanying solvation. effects and ionic equilibrium involved. 
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9.2 RELNTIONSHUPS BEI VEEN TIIE IKE AND AC SCORES 
9.2.1 PROCEDURAL ILSSUES 
In the investigation of relationship between the number and nature of ACs held it is 
recognised that because of the nature of the interview process, the number and nature of 
ACs revealed at the interviews were not exhaustive or comprehensive. This was due to 
a number of reasons: 
1. Where the student was not provoked or probed into revealing their ACs. For 
example, in both the L6 and U6 interviews of student E3 and E 17, when they both 
mentioned in the context of event I that copper would not undergo a chemical 
reaction when placed in a very hot bunsen flame, questions on aspects B, C and 
D were not presented to them. As a consequence, the number of ACs recorded 
would be lower than it should be. 
2. Where students were less confident (eg, Case IV, student C 10, Appendix M) or 
less enthusiastic (eg, Case 11, student EI, Appendix M) than others, this researcher 
did not probe extensively in view of the possibility of "upsetting" these students 
and losing whatever rapport that had been established with them. 
3. In some there were insufficient time to cover all aspects of event 5. 
4. Where students seemed to lack domain specific knowledge or who seemed rather 
narrow-minded and deeply entrenched in certain views. In such cases, fewer ACs 
would be recorded compared with more speculative and/or imaginative students. 
Eg, a narrow minded interviewee could respond to the question on driving force 
by saying that "heat supplied is the driving force" would have just IAC recorded; 
whereas a more speculative student could postulate and proffer several views, one 
for each event and ended up with 5 different ACs recorded on this aspect. 
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1hus, because of the above reasons, it must be noted that having a smaller number of ACs 
is not necessarily reflective of having a more sound mderstanding. 
in the AC-counting procedure, in order to make allowances for cases where the 
interviewee had not been sufficiently provoked to articulate his/her views, the 14 different 
groups delineated under each of the aspects A to D in chapters 4 to 7 (see Appendix H 
for a full classification of ACs) were counted against the 3 larger ,I to 3, described in 
section 8.5, chapter 8. 
in counting the number of ACs in each of the categories I to 3, in a student's response, 
a master list was drawn up showing each student's identification code vis-a-vis the various 
ACs delineated against the 3 categories. 
Any student who displayed an AC in any one sub-category was given a count of T. The 
maximum count for any sub-category is T, i. e., essentially, the counting procedure 
involves considering whether there is either at least one AC in each sub-category revealed 
by the student or not; if the answer is 'yes', a count of T is made; if the answer is 'no' 
then a zero count is made. Thus, the maximum number of ACs which could be counted 
in each category I to 3 is 'Y and the minimum is V. 
The total count for all categories I to 3 is then taken as the number of ACs revealed. 
Such a counting procedure then goes some way to alleviate the effect of unequal 
provocation of interviewees into revealing their ACs. It is considered a fairly reasonable 
procedure given that at the interview, practically all interviewees had at least one 
opportunity to reveal at least one AC associated with each of the subgroups. 
To illustrate this point with respect to ACs in category 1, this interviewer-cum-researcher, 
had ascertained that over the duration of the interviews, there were at least one 
opportunity given for any interviewee to reveal his/her ACs associated with perceptual 
diinking (i. e., to reveal at least I AC in sub-category i); similarly, there were also at least 
one opportunity to reveal ACs associated with 'one-factor only' type reasoning (sub- 
category ii); and likewise, there were also at least one opportunity to reveal ACS 
associated with 'anything goes' in a chemical reaction (sub-category iii). 
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9.2.2 RESULTS OBTAINED 
Based on this procedure described above, the total number of ACs thus counted against 
each student at the U6 and L6 interviews is set out in Appendix 1. The mean numbers of 
ACs in each of the 3 categories for each school and at each level are presented in 
Appendix j. 
The overall pattern of the progression of the study sample can be seen in the 4 scatterplots 
at Appendix KI to K4; where TOT-L-KE (total KE score at L6) had been used as a base 
measure, and which were carried out via Minitab software. 
KI is the plot of TOT-U-KE versus TOT-L-KE; 
K2 is the plot of T-PRO-KE versus TOT-L-KE; 
K3 is the plot of T-PRO-AC versus TOT-L-KE; 
KA is the plot of T-PRO-AC versus T-PRO-KE. 
The correlation coefficients of various measures of KEs and ACs are shown in the 
following table 9.4. 
TABLE 9.4 
CORRELATION BETWEEN DIFFERENT MEASURES RELATED TO PROGRESSION 
TOT-U-KE TOT-LKE T-PRO-KE 
TOT-L, KE 0.55 
T-PRO-KE 0.83 0.01 
T-PRO-AC 1 -0.57 
1 
-0.39 -0.40 
From the KI plot, and the correlation coefficient it can be seen that there is a fairly 
strong relationship between TOT-U-KE and TOT-L-KE; that students who scored well at 
the L6 level did tend also to score well at the U6 level. 
202 
From the K-2 plot and the correlation coefficient between T-PRO-KE and TOT-L-KE, no 
strong relationship could be seen. However, when the points are separated by schools as 
could be in the plots K5 to K9, only in 1 school (ie school R) there is a strong 
relationship between T-PRO-KE and TOT-LKE. 
The following table sets out for each school the correlation coefficient between various 
progression related measures: 
i. PRO-KE and TOT-L-KE 
ii. PRO-AC and TOT-L-KE 
iii. PRO-KE and PRO-AC 
TABLE 9.5 
CORRELATION BETWEEN VARIOUS MEASURES, PRO-KE, TOT-LKE AND PRO-AC 
School PRO-KE vs TOT-L-KE PRO-AC vs TOT-L-KE PRO-KE vs PRO- 
AC 
C 0.58 -0.80 -0.65 
R 0.96 -0.71 -0.57 
p -0.19 -0.36 -0.32 
E -0.20 -0.66 0.36 
S -0.33 -0.30 0.24 
The above table shows that only for school R (at significance level <-D. 7) there was a 
strong positive correlation between the students total KE score at the L6 level and their 
progression shown at the U6 level. For the other 4 schools, it appears that TOT-L-KE is 
not predictive of progression. 
On the next measure of progression, change in AC (PRO-AC), for schools F, C and E 
there are fairly strong relationships between the change in ACs and TOT-L-KE, 
suggesting that students with high TOT-L-KE were more likely to show progression by 
abandoning their ACs. 
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The figures in the last column of table 9.5 shows that only for school C there is a fairly 
strong negative relationship between the abandoning of ACs and the progression in KEs, 
suggesting that as ACs are abandoned, more KEs tended to be acquired. 
A cmentioned in chapters 8 and 12, overall students' progression on KE scores tend to 1 113 
come from aspects B, prediction of overall energy change and aspect C, how the chemical 
reaction takes place. More specifically, increase in KEs were due to the shift from using 
perceptually dominated thinking and macroscopic explanations (eg shifting from the view 
expressed in AC BIa: that a reaction has to be overall endothemic if heat is needed to 
bring it about) to using conceptual thinking and explanations which invoke microscopic 
particles and processes (i. e., reasoning in ten-ns of bond breaking and bond making, and 
so forth, see case 1, chapter 12, and cases 11 and III at Appendix M). 
To examine further the relationship between the KE and AC measures at the U6 and L6 
levels, the correlation between them are set out in Table 9.6. 
TABLE 9.6 
CORRELATION COEFFICIENTS AMONG KE AND AC MEASURES 
AT U6 AND L6 
TOT-L-KE TOT-U-KE TOT-1, AC TOT-U-AC 
TOT-L, KE 1.00 0.55 -0.11 -0.42 
TOT-U-KE 1.0 -0.17 -0.63 
TOT-1, AC 1.00 0.57 
TOT-U-AC 1.00 
The above results in Table 9.6 suggest that while the highest values are the direct 
relationships between TOT-L and TOT-U for both the KE and AC indices separately, 
there is also a significant cross-relationship between the TOT-L-KE and TOT-U-AC; and 
between TOT-U-KE and TOT-U-AC (refer to figure 9.1 below). In order to explore such 
links more carefully, partial correlation coefficients were calculated (using the procedure 
given in Minium (1978) p. 611) to remove the indirect effect of any tlýrd variables on the 
links between the pairs. In most cases, there was little change in the pair correlation. The 
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exceptions were presented in Table 9.7 and interpreted as follows: 
TOT-L-KE to TOT-U-KE: Taking out the effect of TOT-U-AC reduces r from 0.55 to 
0.40. 
TOT-L-KE to TOT-U-AC: Taking out the effect of TOT-U-KE reduces r from -0.42 
to - 0.11. 
TOT-U-KE to TOT-U-AC: Taking out the effect of TOT-L-KE changes r from -0.63 
to -0.53. 
TOT-L-AC to TOT-U-KE: Taking out the effect of TOT-U-AC changes r from -0.17 
to +0.30 (a second order partial correlation coefficiený 
giving the link between TOT-L-AC and TOT-U-KE with 
simultaneous allowance for both the TOT-L-KE effects and 




Any interpretation in terms of causal links must be speculative. In any case, where one 
of the pair precedes the other in time, there is greater certainty, so it may be said here 
that: 
The TOT-L-KE score influences the TOT-U-KE score although some of this may 
be associated with its effect in reducing the TOT-U-AC score. 
The TOT-L-AC score influences the TOT-U-AC score. 
There is little influence between TOT-L. -AC and TOT-L-KE. 
The TOT-L-KE score has little influence on the TOT-U-AC score once its effect 
on the TOT-U-KE is taken into account. 
The TOT-U-KE score seems to be enhanced if the TOT-L-AC score is higher, 
provided a correction is first made for the link between TOT-L-AC and TOT-U- 
AC. 
A higher TOT-U-KE score is associated with a lower TOT-U-AC score, although 
a small part of this may be due to the influence of TOT-L-KE on both. 
A plausible but speculative hypothesis is that TOT-U-KE causes the TOT-U-AC effect, 
rather than vice versa. This implies a model in which improvement in identification of key 
elements in a scientific explanation (KEs) helps to reduce the alternative conceptions 
(ACs), Whilst those with more ACs at the outset are likely to have more at the end, they 
are also more likely to have higher KEs scores at the end. This latter peculiar feature may 
arise because a larger number of these in the lower sixth may be an indication of a more 
active and inquiring approach. A ftuther implication is that once a student has acquired 
a scientific or "science-like" framework with which they can be comfortable then they are 
able to quickily abandon their alternative frameworks and alternative conceptions. 
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TABLE 9.7 
PARTIAL CORRELATIONS ON TOT-KE AND TOT-AC SCORES AT U6 AND L6 
partial correlations 
ToT-L, KE to TOT-U-KE (minus TOT-U-AC) 0.40 
TOT-L, KE to TOT-U-AC (minus TOT-U-KE) -0.11 
ToT-u-KE vs TOT-U-AC (minus TOT-LKE) -0.53 
TOT-LAC vs TOT-U-KE (minus TOT-U-AQ +0.30 
9.3 PERSISTENCE OF ACs AT U6 
This section examines tries to answer the questions: 
What were the ACs which were most easily abandoned by students? 
What were the ACs which were most persistent or not easily abandoned? 
Among the ACs which were not easily abandoned, which were the ones 
with the higher frequencies of occurrence? 
In answering these questions, the data in chapters 4 to 7 were examined, to yield the 
following 4 groups, i, iiý iii and iv of ACs (see Appendix H for descriptions of ACs) 
which are highlighted in Table 9.8. 
Group i Transient ACs or ACs most easily abandoned 
These ACs are defined as those which were abandoned by at least half of those 
who held them at the L6, and which were held by at least 4 students at the L6. 
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Group ii Persistent ACs 
These ACs are defined as those not abandoned by at least half of those who held 
them at L. 6, and which were held by at least 4 students at L6. 
Group iii Median frequency persistent ACs 
These ACs are defined as those were held by at least 12 (251/o) students at both 
U6 and L6. 
Group iv High frequency persistent ACs 
These ACs are defined as those which were held by at least 24 (50%) students at 
both L6 and U6. 
TABLE 9.8 
AC GROUPS AND THEIR PERSISTENCE 
Group i- transient Group ii - persistent ACs Group iii -median Group iv -high ACs freq. persistent freq. persistent ACs 
ACs 
Ala; Ale; A2a; Bla; Alb; Alc; Ald; A3c Alb; Ald; C2a; C3a; C3b; Dla 
D2b B2a; B3a; B3a; 
C2a; C3a; C3b; C3c; C3d Cla; C3c; C3d 
Dla; Dlb; D3a 
I 
Dlb; D2a; 
From table 9.8 it can be seen that the high frequency persistent ACs (group iv) were those 
associated with the nature of bonding and bonds, and the driving force of chemical 
reactions. More specifically, they relate to confusion between ionic and covalent bonding; 
confusion about the bonding associated with reactions in solutions and heat energy input 
as the causal agent of chemical change. 
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Next in order of difficulty (group iii) seemed to be those associated with the nature of 
chemical bonds (bond breaking releases energy and so forth), the role of water in 
reactions in solutions; driving force and ACs related to the dominance of perceptual 
thinking such as the everyday meaning of burning, and wax in a burning candle only 
melts and not bums. 
ACs which were most easily abandoned (in decreasing numbers of students who 
abandoned them) are those related to perceptually dominated thinking or the use of 
macroscopic explanations for overall energy change (B I a); substantialisation of heat/flarne 
(Ala); anthropomorphic explanations of chemical change (D2b); that burning in limited 
amomt of oxygen produces carbon monoxide instead of carbon dioxide (A2a); that 
burning always produce carbon dioxide (Ale). Rt must be noted that in most cases, these 
are abandoned for views which are closer to scientific views but not necessarily coincident 
with scientific views, as illustrated in the case of student P2 above. ] 
The abandonment of ACs related to the use of perceptually dominated thinking and/or 
macroscopic explanations accounts (to some extent) for the higher progression in events 
3 and 2 in Table 9.3. In event 3, students Progressed through shifting from using 
macroscopic to microscopic explanations of the overall changes thus acquiring KEs in the 
process; and in event 2, they progressed from using perceptually dominated thinking to 
using conceptual thinking about the burning of candle wax. 
9.4 DO WAIION AND GFNERAL DESCRIMON OF nE TOP AND BOUPM 
GROUPS OF STUDENTS 
The purpose of this section is to focus more closely on the reasons or factors of 
progression by comparing and contrasting two groups of students, viz. the group which 
showed the most progression and the group which showed the least progression. Based 
on the scatterplots (Appendix KI to K4) and the individual scores of students, it was 
thought pertinent to examine one third of the sample more closely (i. e., the top and 
bottom one-sixth of the group) for possible reasons behind progression and non- 
progression. To examine more than a third would mean a smaller separation between the 
groups which might mean that the differences between them would be less pronounced. 
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To examine less than a third might mean that the result might not be representative of the 
sample. 
The following table 9.9 sets out the U6, L6 and progression scores (U-L) of the top group 
of students (those who showed progression of at least 17 KEs, which is the cut-off point 
for the top one-sixffi). 
TABLE 9.9 
TOTAL KEs SCORED AT U6 AND L6 INTERVIEWS,, AND INTROVENIENT IN THESE SCORES 
FOR TOP GROUP STUDENTS 
Student U6-total KE L6-total KE (U6-L6)total KE 
R7 43 15 28 
P4 38 13 2 
RI 33 13 20 
P18 33 14 19 
S7 32 13 19 
C8 31 13 18 
PIO 30.5 13.5 17 
R5 29 12 17 
Total KE 269.5 106.5 163 
KE/student 1 33.7 13.3 20.4 
Another way of viewing progression or improvement is to examine if there is a reduction 
in the number of ACs held by these students. 
The number of ACs in each category type counted according to the procedure in section 
9.2 are presented in Table 9.10. 
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TABLE 9.10 
NUMBER OF ACs, U6 AND L6, AND NO. AND TYPES OF ACs ABANDONED BY TOP GROUP 
STUDENTS 
F st t7 A ACI-U A ACI-L AC2-U AC2-L AC3-U AC3-L (U-L) AC 
R7 I 1 1 2 1 2 -2 
P4 0 1 1 2 1 1 -2 
RI I 1 0 3 2 2 -3 
P18 1 2 1 2 1 1 -2 
S7 1 2 3 2 1 1 0 
C8 1 1 3 3 1 2 -1 
PIO 1 2 0 3 2 1 -3 
R5 0 1 2 2 1 3 -2 
Tot 6 11 11 19 10 13 -15 
Av 0.8 1.4 1.4 2.4 1.3 1.6 -1.9 
From Table 9.10 the average reduction of 2 ACs per student, with the simultaneous 
increase of MAKE per student points to the progression made. Of the 16ACs abandoned 
at the U6,5 are of AC I (naive chemistry); 8 of AC2 (chemical bonding) and 3 of AC3 
(driving force). This again reflects that most of the progression made by the entire sample 
was associated with aspects B and C. 
The following tables 9.11 and 9.12 likewise set out the corresponding data for the bottom 
group of students. 
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TABLE 9.11 
TOTAL KES SCORED AT U6 AND L6 INTERVIEWS, AND DIFFERENCE IN THESE SCORES 
FOR BOTTOM GROUP STUDENT'S 
Student U6-total. KE L6-total KE (U6-L6)total KE 
El 24 24.5 -0.5 
Si 21 21 0 
C16 9 7 2 
CIO 11 9 2 
E5 12 10 2 
E17 13 11 2 
S2 15 13 2 
P16 20 18 2 
Total KE 125 114 11.5 
KE per 
student 
15.6 14.2 1.4 
TABLE 9.12 
NUMBER OF ACs, U6 AND L6, AND NO. AND TYPES OF ACs ABANDONED BY BOTTOM 
GROUP STUDENTS 
st ACI-U ACI-L AC2-U AC2-L AC3-U AC3-L (U-L) AC 
El 1 1 2 2 0 2 -2 
si 1 2 3 3 1 2 -2 
C16 2 2 3 2 2 1 +2 
CIO 3 3 3 2 2 2 +1 
E5 2 2 3 3 1 1 0 
E17 2 3 3 3 1 1 -1 
S2 2 1 3 3 2 2 +1 
P16 0 0 2 3 2 3 -2 
Tot 13 14 22 21 11 14 -16 
__Av 
1.6 1.8 2.8 2.6 1.4 1.8 -2.0 
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From Tables 9.10 and 9.12, top group students generally abandoned more Acs dm the 
bottom group. %ile on average each top group student abandoned at least I AC in AC2 
category (ACs associated with the process of bonding), in contrast no ACs in this category 
were abandoned. (It must be noted that the ACS counted according to the procedure in 
chapter 8 are not exhaustive, as is explained in the same chapter. ) 
9.5 PATTERN OF PROCRESSION ANMG TIHE TOP AND BOTTOM CROUP 
STUDENT'S - SEVIRARITTES AND DUTIMNCES 
The pattern of progression by event of the top group students are shown in the next Table, 
9.13. 
TABLE 9.13 




1 2 3 4 5 Total 
(KE) 
R7 5 7 6.5 6.5 3 28 
P4 3 7 4 6 5 25 
RI 4 4 4 6 2 20 
P18 3.5 5.5 4 2.5 3.5 19 
S7 3.5 5 5.5 3 2 19 
C8 3 5 4 4 2 18 
PIO 5 0 3.5 4.5 4 17 
F. 5 4.5 5 5 2 0.5 17 
Avetuge 3.9 4.8 4.6 4.3 2.8 20.3 
Table 9.13 shows that the greatest progression made by this group is in events 2 and 3, 
followed closely by events 4 and I- 
The corresponding figures of improvement by event for the bottom group are set out M 
the next Table 9.14. 
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TABLE 9.14 
PROGRESSION (U6-L6) SCORES BY EVENT FOR BOTTOM GROUP STUDENT'S 
Event/ 
Student 
1 2 3 4 5 Total 
(KE) 
El 2 0 -1 -1.5 0 -0.5 
SI -1 0.5 0.5 0.5 -0.5 0 
C16 0.5 0 1.5 -0.5 0.5 2 
CIO 1 0 3.5 -1.5 -1 2 
E5 1 0.5 2.5 -1.5 -0.5 2 
E17 0 -1 2 1. -0.5 2 
S2 -0.5 0 2.5 0 0 2 
P16 0 0.5 0.5 1 11 0 2 
Average 0.4 0.1 1.5 r- -0.3 -0.3 1.4 
From Table 9.14 it can be seen that there is little progression generally; with slightly more 
progression shown in event 3 than the other 4. 
TABLE 9.15 





A B c D Total (KE) 
R7 2 9 10 7 28 
P4 1.5 8.5 15 0 25 
RI 0 8.5 7.5 4 20 
P18 5.5 2 11 0.5 19 
S7 0 6.5 7.5 5 19 
C8 0 7 6.5 4.5 18 
PIO 0 5.5 11.5 0 17 
R5 0 8 5 4 17 
Average 1.0 6.9 9.3 3.1 20.4 
Av. as % of 










From Table 9.15, top group students made similar ffinprovements on aspect B and C. The 
low improvement on aspect A is due to the fact that they had already acquired almost full 
KEs at the L. 6 (see chapter 7); while that for aspect D is due to their poor grasp of the 
concept of driving force even at the U6. 
TABLE 9.16 




A B C D Total (KE) 
El 0 0.5 -1 0 -0.5 
Si 0 3 0 -3 0 
C16 0 0 2 0 2 
CIO 0.5 0.5 1 0 2 
E5 -1 1.5 1.5 0 2 
E17 -1 1.5 1.5 0 2 
S2 0 1 1 0 2 
P16 0 -0.5 2.5 0 2 
Average -0.2 0.9 1.1 -0.4 1.4 
Av. as % of 
total KE 
-2% 6% 5.5% -4% 
From Table 9.16 it can be seen that the bottom group, in contrast to the top group, made 
hardly any improvement on the aspects. 
9.6 SOME POSSIBLE, REASONS"W TOP GROUP PROGRESS MORE THAN 
THE BOITIDM GROUP 
This section examines the top and bottom groups in terms of the kinds of ACs held by 
both groups of students at the L6, and the extent to which these were relinquished or 
abandoned at the U6 level. For the purpose of discussion in this chapter and elsewhere 
in this thesis, an AC which is subscribed to or revealed by at least one top or bottom 
group studený at both U6 and L6 shall be referred to as a 'persistenf AC. 
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The search for persistent ACs among the top and bottom group students was camed out 
systematically by going through the list of ACs associated with each of the aspects A to 
D, described in chapters 4 to 7, and picking out ACs which were subscribed to by at least 
one top or bottom group student, at both U6 and L6. 
Table 9.12 sets out the persistent ACs which were common to least half of either the top 
or bottom group; it also shows the number of students in each group which held the AC 
only at the L. 6, i. e., abandoned it. 
TABLE 9.17 
INCIDENCE OF COMMON PERSISTENT ACs IN TOP AND BOTTOM GROUPS AND 
INSTANCES OF ABANDONMENT 








B2a: chemicals give out energy 1 3 4 0 
B3a: bond breaking release energy 1 2 7 0 
133c: energy needed to break and make 
bonds 
0 0 4 0 
C2a: confusion bet. ionic & covalent 
bonding 
2 5 7 0 
C3a: ionic bonds still exist 2 4 8 0 
C3b: preferential attract. 2 5 8 0 
C3c: HCl Split up evenly 2 2 4 0 
C3d: H20 plays no sig. part 1 2 4 1 
Dla: driving force is heat input 4 3 6 1 
Dlb: driving force is internal energy 3 0 4 3 
Total students 18 26 56 5 
Note: There is no column corresponding to number of students who revealed an AC only at the U6 and not 
L6 because there was only two such instances. 
From the above table, it can be seen that all 10 persistent ACs were common to between 
4 and 8 bottom group students; this is in contrast with the top group. For the top group, 
with the exception of AC DIa, 'driving force is heat input', all the other 9 persistent ACS 
were common to between I and 3 students, i. e., less than half top group students. 
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From the figures at the bottom row of the table, a comparison between the incidence of 
the persistence of the ACs among, as well as the abandonment by, the 2 groups can be 
made. It can be seen that while the 10 ACs were persistent in 18 instances among the top 
group; they were persistent in 56 instances among the bottom group. Also the 10 ACs 
were abandoned in 26 instances by the top group students, and in only 5 instances by the 
bottom group. 
More specifically, it can be inferred that the bottom group students could have been 
hindered in their progression in learning about the nature of chemical reactions by 
suffering from persistent ACs related to concepts such as: energy involved in bond 
breaking and making; bonding, especially the difference between covalent and ionic 
bonding; the solvation effect of water in the dissolution of ionic salts into free ions; the 
redox nature of acid-metal reaction, and the driving force of chemical reactions. 
One possible explanation for the persistence of one cluster of ACs among the bottom 
group students (and not the top group) could be that many of the bottom group students 
(at least 4, see section 5.3, chapter 5) were viewing the chemical bond as a kind of 
physical link, a "joint of some sort" in the words of one student (ie it is substantialised 
as matter process), which requires energy both to break and to make (AC B3c). However, 
during the bond breaking process, energy is released (AC B3a). Ot appears that in some 
cases, the bond is thought of as ahnost analogous to a physical bridge, which needs 
energy both to construct it and to start the process of taking it apart; and during the 
process when the bridge is falling apart, energy is released. ) 
The conception of a chemical bond as a physical link in the students' alternative 
fimneworks also explains why ionic bond in the sense defined by the chemist could not 
be assimilated. This then results in the confusion between ionic and covalent bonding (AC 
C2a). It must be noted while some of the bottom group students could articulate that the 
bond comprises "a pair of electrons" (which in itself is at variance with the scientific view 
because of its incompleteness with respect to covalent bonds and it does not apply to 
bonds such as ionic ones), it seems to this interviewer-researcher that both views of the 
bond (ie as a physical link and as a pair of electrons) coexist in their conceptual 
fi-arneworks. 
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This conception o the bond as a physical link also renders it difficult to understand how 
the link could be broken by the dissolving process (AC C3a). It also leads to the inference 
that heat is the active causal agent of chemical change since heat is both necessary and 
sufficient to break and make bonds (AC Dla). 
Another alternative framework which seemed to be held by some of the bottom group 
students relates to the underlying idea that some chemicals, ie the reactive ones are 
capable of releasing their internal energy (AC B2a) which is then used to break and make 
bonds and resulting in chemical reactions (AC Ob and AC C3c). This means that internal 
energy of chemicals are viewed as the driving force (AC DIb). In this conception, then 
the solvent tends to be ignored or be regarded as passive. 
It must be noted that while it appears from Tables 9.10 and 9.12, and 9.9 and 9.11 that 
at the L6, there were no significant difference between the top and bottom groups in terms 
of number of KEs scored and ACs counted. 
However, it must be remembered that because the numbers of ACs counted and recorded 
according to the procedure in chapter 8 are not exhaustive, another count of ACs was 
done. This second counting was just a straightforward counting. Each time it was 
ascertained that an AC is held with respect to at least one event, it was counted against 
the student. Each AC is counted once even if it was used more than once, i. e., applied in 
more than one event. 
The following table sets out the actual nwnber of ACs dws counted for each student in 
the top and bottom groups. 
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TABLE 9.18 
ACTUAL NUMBER OF ACs HELD BY TOP AND BOTTOM GROUPS AT U6 AND L6 
TOP 
group 
U-AC LAC (U-L) Bottomgr 
oup 
U-AC L-AC (U-L) 
R7 5 13 -8 El 8 13 -5 
P4 6 8 -2 si 15 19 -4 
RI 5 10 -5 C16 14 14 0 
P18 6 13 -7 CIO 22 20 +2 
S7 8 11 -3 E5 15 13 +2 
C8 14 13 +1 E17 7 15 -8 
PIO 5 19 -14 S2 15 15 0 
R5 5 18 -13 P16 8 9 -1 
TOT. 54 105 -51 TOT 104 118 -14 
Av. 6.8 13.1 -6.4 Av. 13.0 14.8 1 -1.8 
From table 9.18 it can be seen that while both groups had about the same number of ACs 
at the L6 level, students in the top group abandoned more ACs at the U6 level (see cases 
I in chapter 12 and case 11 in Appendix M). 
The next Table 9.19 shows the science subject taken at GCSE by students in both top and 
bottom groups; and the grades scored by them. 
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TABLE 9.19 
TOP AND BOTrOM GROUPS: GCSE SCIENCE SUBJECIS AND GRADES 
TOP group GCSE sc. 
subject 
Grade scored Bottom group GCSE sc. 
subject 
Grade scored 
R7 coord sc A El coord sc B 
P4 chemistry A SI chemistry C 
RI coord sc A Cl coord sc B 
P18 chemistry A CIO coord sc B 
S7 coord sc C E5 coord sc B 
C8 coord sc A E17 coord sc A 
PIO chemistry A S2 coord sc B 
R5 coord sc A P16 chemistry B 
Total 3 chem +5 
coord sc 
7A+ IC 2 chem. +6 
coord sc 
IA + 6B + 
IC 
An examination of the GCSE subjects and grades revealed that in the top group, 3 
students took chemistry as a single science subject at GCSE, each scoring an 'N grade 
vis-a-vis 2 bottom group students who scored a IBI and ICI between them. The rest of the 
students took coordinated science at GCSE. The 5 top group students scored 4'A! s and 
FC; the remaining 6 bottom group students scored 5'B's and FN. The overall higher 
grades scored at GCSE suggest that the top group students might have stronger 
backgrounds or prior knowledge in chemistry than those in the bottom group, which in 
turn suggest that top group students having a more sound background in chemistry might 
benefit more from increased chemistry instruction; and would abandon ACs more quickly 
as more KEs leamed. Whilst these results may be thought of as hardly surprising, they 
do raise the question as to whether or not some subjects (for example, chemistry) demand 
a relatively higher grade of entry than other sub ects. This conjecture is discussed ffirther j 
tuider areas for ftirther research in chapter 13. 
Another factor which could explairt progression or its lack is the school effect. As seen 
in previous chapters, schools R and P seemed to contribute significantly more to students' 
learning than the other three schools. As mentioned in Appendix L-5, this researcher noted 
that schools P and R seemed to provide a more supportive and challenging environment 
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for student learning; which could affect student motivation and confidence in leaming 
which in turn affects the quality of learning outcomes. 
The factors affecting progression discussed here are speculative, and needs to be more 
closely examined in ftkure studies (see chapter 13). 
Further discussion of the relationship between chemistry understanding and science 
subjects taken at GCSE is at section 9.8. Also more specific details on the relationship 
between the holding of ACs and the acquisition of KEs are presented in the case studies, 
I to IV, chapter 12 and Appendix M 
9.7 DISCUSSION REGARDING POSSIBLE REASONS FUR INCREASE IN ACs 
BONVEEN INTERVILINS 
As identified in 9.1 above, there were many cases identified where new ACs were 
revealed in the U6 interview that were not revealed at L6. These are not, in general, 
regarded as evidence of regression; rather they should generally be regarded as evidence 
of progression as the students experiment with new conceptual ideas and often fail to get 
the concept right during the early stages. 
At one level, these increases reflect a move from the student simply not knowing and 
therefore not presenting the opportunity to reveal ACs to a position of offering theories 
and explanations which in many cases are erroneous as evidenced by the ACs identified. 
At a more refined level, increases in revealed ACs reflect the transition from "naive" 
chemistry to "scientist's" chemistry as evidenced, for example, by the change from using 
perceptual/macroscopic to conceptual/microscopic reasoning. This change is illustrative 
of the everyday and scientific explanations of Brosnan (1992) Whilst the process is akin 
to traversing the bridge between the student's world and the scientist's world as suggested 
by Black and Simon (1992). 
Ibs increase in ACs may be akin to the U-shaped t)W developmental curve identified 
by previous researchers (e. g., Strauss, 1977; Holding, 1987). Here students seemed to 
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have applied the new knowledge they have learned at the U6 to the wrong context and/or 
seemed to have abandoned concepts which have served them well at the L6. It seemed 
as though the new knowledge had not been properly differentiated from their existing 
knowledge and not properly integrated, and was allowed to colour or to disorientate their 
existing conceptual frameworks. From the perspective of Nisbet and Koss (1980), based 
on their "vividness criterion" it seemed that new knowledge is fresh in students' minds (ie 
stored in the short term memory, and thus easily accessed) and recalled in the process of 
explaining phenomena. 
Examples of these could be seen in the case studies, I in chapter 12 and H in Appendix 
M An instance of this was when the precipitation reaction involving aqueous sodium 
chloride and aqueous lead nitrate was no longer viewed as a simple ionic reaction between 
Cl- and Pb' to form PbCl2but as a nucleophilic reaction involving some partial positive 
charge on the 'Na! of NaCl which attacked the negatively charged nitrate. 
From these instances, it could be seen often the process of acquiring new KEs is 
accompanied by the acquisition of new ACs, which in turn lead to more new ACs. What 
this means is that there is no simple direct relationship between KEs and ACs, ie it is not 
possible to infer that the acquisition of new KEs would naturally result in fewer number 
of ACs. 
From another perspective, perhaps this increase in ACs or apparent regression which is 
seen in so many instances is the natural consequence of learning - of acquiring knowledge 
in unconnected bits and pieces in the early stage of learning (di Sessa, 1988), so that they 
often recall various different bits of knowledge at different times, presenting 
inconsistencies or apparent regression as in this case. 
Another possibility is that the apparent regression could be the result of selective 
inattention - the fact that the interviewee has chosen to 
ignore old knowledge and to 
construct explanations based on new knowledge learned. As suggested by Reif and Larkin 
(199 1), perhaps students do not appreciate the goals of science and hence do not 
appreciate the need to formulate a coherent explanation. 
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From yet another perspective, the apparent regression could perhaps be understood as the 
manifestation of the disequilibrium process, which is transitory to achieving 
accommodation and equilibrium again (Furth, 1981). 
9.8 RELABONSHIP BOVYI: EN CHEMISTRY UNDERSTANDING AND SCIENCE 
SUBJECIN STUDIED AT GCSE 
In view of the prevalence of the number of category I ACs (ie associated with naive 
chemistry and the possible linkage between the type of science subjects studied at GCSE 
and students' progression suggested in section 9.6, it is thought pertinent to examine if 
there is any significant difference in the number of ACs held in each category (in 
particular, in ACI category - naive chemistry) between the 17 students in the study 
sample who took chemistry as a single science subject and the rest of the sample, ie 3 1, 
who took coordinated science. 1hus, the one way analysis of variance is performed via 
Minitab software on the number of ACs in each category I to 3 by science subject taken 
at GCSE (ie chemistry as a single science subject versus coordinated science). 
The mean number of ACs in each AC category held by each group of students at U6 and 
L6 and the p values of significance are set out in Table 9.20. 
TABLE 9.20 
MEAN NO OF ACs IN EACH CATEGORY AT U6 AND L6 BY SCIENCE SUBJECT TAKEN AT 
GCSE 
Subj ACI-U ACI-L AC2-U AC2-L AC3-U AC3-L 
Chem 
(n=17) 
0.71 1.12 1.59 2.12 1.65 1.76 
Coord sc 
(n=3 1) 
1.52 1.71 2.26 2.45 1.39 1.55 
[P 
1 . 002 . 023 . 
025 . 112 . 141 . 
313 
'Me data in Table 9.20 reveals that at both U6 and L6 levels, there was a sigrfificant 
difference (-<-D. 05) in the nwnber of category 1 ACs (ACI) held by the 2 groups of 
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students. Ihe smaller p value at the U6 also suggests that the difference between the 2 
groups became greater with increased formal instruction. 
Ihis suggests that the students who took coordinated science at GCSE tended to have 
more ACs associated with naive chemistry compared to those who took chemistry as a 
single subject (This difference was even more obvious when the actual number of ACs 
are considered in place of these condensed ACs which had been counted according to the 
procedure set out in section 9.2) 
The data also reveals while at the L. 6 level, there was no significant difference between 
the 2 groups of students in terms of the number of category 2 ACs held; at the U6 level 
with increased formal instruction, the gap between them widened, so that the difference 
became significantly different. This is in line with the suggestion made in section 9.6 that 
with increased formal instruction, students with a stronger background in chemistry were 
more likely to abandon ACs (those associated with naive chemistry and with chemical 
bonds and the process of bonding). 
It is interesting to note that students who did chemistry at GCSE had more category 3 
ACs (ie those associated with driving force). This had been reflected in the interview 
process (and documented in section 7.3, chapter 7) where these students (more so than 
those who took coordinated science, who tended to say "I dont know" or who avoided 
the mentioning of the term 'entropy' completely) seemed to be more willing to speculate 
on driving force and the associated concept of entropy; thus revealing more new ACs 
associated with entropy. 
The following Table 9.21 sets out the corresponding data on total KE scores at U6 and 
L6 (TOT-U-KE and TOT-L-KE), and progression (U-L) scores of the 2 groups of 
students, with p values of significance. 
224 
TABLE 9.21 
MEAN TOTAL U6 AND L6 AND PROGRESSION SCORES IN TFRMS OF KEs 
Subj TOT-U-KE TOT-LKE (U-L) 
Chem (n= 17) 26.2 15.1 10.9 
Coord sc (n=3 1) 19.9 11.4 8.5 
p . 009 . 005 . 216 
The data in Table 9.21 reveals that the chemistry group already started with significantly 
higher scores at the L6 level. With forrnal instruction, both groups progressed (there were 
no significant differences in the progression scores) in parallel so that at the U6 there was 
still significant differences between their total KE scores. 
What the analysis and discussion here seemed to suggest is that where chemistry had been 
taken at GSCE instead of coordinated science, more KEs and less ACs tended to be held 
at the U6. However, flifther research is needed to verify this suggestion. 
9.9 SUMMARY OF CTL4PIER 
With 2 exceptions (one student who had clearly lost all interest in the subject and one 
who was exceedingly complacent and not perceiving a need to progress), all students 
made progress as measured by an mcrease in KE scores. 
In general students were progressing from using naive reasoning to more scientific 
reasoning. VA-iilst many ACs were being abandoned, one consequence of this transition 
was the generation of new ACs as new concepts were incorrectly fort-nulated. or new 
knowledge was incorrectly assimilated into the students' own personal reference models. 
This predilection to generate new ACs during the learning process highlights the need for 
more feedback between student and teacher in order to prevent new ACs holding back the 
student's progression and to prevent the generation of further ACs as the students 
conceptual model becomes further confiised. 
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The major area that continued to cause problems at U6 level (as evidenced by persistent 
ACs) for these students was in understanding the detailed nature of chemical bonds, the 
confusion between ionic and covalent bonding and the energetics involved, and the driving 
force of chemical reaction. This point is discussed fijfther in chapter 13. 
A tentative relationship between progression and subjects studied a GCSE was revealed; 
this requires finther empirical investigation to validate. 
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CIUPTER 10 
CONSISTENCY AND INCONSISTENCY OF STUDENTN'VIEVNS 
ACROSS EVENTS 
10.0. MIRODUCRON 
As discussed in chapter 3, the purpose of having a broad coverage in this study is to 
provide various opportunities for students to articulate their understandings of this very 
foundational area in chemistry and to enable examination of consistency of students' 
ideas across different contexts. 
Research on students' consistency of ideas as discussed in chapter 2 has produced 
conflicting evidence. On the one hand, as reported by Song and Black (1991), there is 
considerable research evidence that per-fonnance in science related tasks is related to task 
context Whilst, on the other hand, Driver (1989) in her review of this subject poses : "One 
open question is the extent to which children's conceptions are genuinely 'theory-like', that 
is, having a coherent internal structure and being used consistently in different contexts. " 
These two views need not be considered as separate views on the same continuum; the 
degree to which an AC will be used in a 'theory like! manner may be a reflection of the 
extent to which a student perceives one group of tasks to be of a common type Whilst a 
second group of tasks may be perceived to form a second distinct tA)e (Whilst the scientist 
would declare all the tasks to be realisations of the same generic model). 
The purpose of this chapter is thus to provide some evidence and insights on the 
consistency or otherwise of students' ideas across contexts. This will be based on analysis 
of U6 interviewees' responses on aspects B and D. Ihe reason for focusing on the U6 
responses only is on the basis that at the U6, with additional exposure to fon-nal 
chemistry, students consistencies should be more pronounced and measurable. (However, 
future studies based on the L6 data collected could examine the pattern and progression 
in students' consistency over the period between the two interviews) The reason for 
omitting students' responses on aspects A and C from this analysis is because of the more 
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everit specific nature of the KEs associated with them, which render them unsuitable for 
this analysis. 
Section 10.1 discusses consistency of students' ideas associated with aspect B, overall 
energy change. 
Section 10.2 discusses consistency of students' ideas associated with aspect D, the driving 
force of chemical change. 
Some conclusions are discussed in section 10.3 
10.1 CONSISTENCY OR INCONSISTENCY IN RESPONSES ON ASPEC7r B, 
OVERALL ENERGY CHANGE 
From a chemisfs point of view, responses in all 5 events should be similar, i. e., each 
reaction is overall exothermic, the reason being that stronger bonds were being made than 
broken, so that energy released in bond making is more than enough to compensate for 
energy absorbed in bond breaking. 
In examining the consistency of ideas across events with respect to aspect B, each 
student's U6 response in each event is placed into one of 5 categories according to the 
criteria shown in table 10.1 - 
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TABLE 10.1 
SUMMARY OF CATEGORIES AND CRITERIA USED FOR CONSISTENCY ANALYSIS FOR 
ASPECT B 
Category Criterion 
i "science-like" framework overall exothermic, more/stronger bonds made than 
broken. 
ii AC B3A overall exothermic, more bonds broken than made, ie 
direction of energy change misconceived. 
iii overall endothermic 
iv no energy change 
V. no response, no chemical reaction, "dont know" 
Note: "science like" means incorporating some or all aspects of the scientific view. 
For examples of the allocation to categories, refer to the case studies in chapter 12 and Appendix 
M. 
* cases I and III, events I to 5- category i; 
* case H, events 1,3,4,5 - category i; event 2- category iii; 
* case IV, events 1,3,4 and 5- category ii; event 2- category iii. 
CONSISTENCY OF RESPONSES AT GROUP LEVEL 
The following table 10.2 shows the number of students allocated into each of categories 
i to v by event. This table gives some indication of the consistency with which ideas in 
categories i to v were used across the 5 events by the group as a whole. However, it gives 
no indication of the consistency with which the different ideas in categories i to iv were 
used in different events by individuals (The question of consistency at the individual level 
is dealt later in this section). 
229 
TABLE 10.2 
CONSISTENCY ON ASPECT B: 
DISTRIBUT'ION OF STUDENTS BY EVENT AND BY CATEGORY 
Category Event I Event 2 Event 3 Event 4 Event 
5 
1 16 20 25 24 16 
ii 7 19 19 17 11 
111 22 7 4 7 10 
iv I 1 0 0 5 
v 2 1 0 0 
From table 10.2, it can be seen that on aspect B, at best, between 40% to 50% of the 
group were using the "science like" framework (category i) across events 2,3 and 4; and 
at best slightly less than 40% were using the alternative framework B3a, (category ii) in 
events 2,3 and 4. 
It also shows that nearly half of the group thought the reaction in event 1 was overall 
endothennic for one reason or another. 
The extent to which there is consistency of ideas across events is examined below. 
CONSISTENCY OF RESPONSES AMONGST INDIVIDUALS 
The consistency of responses at the individual level was measured by counting the number 
of students holding the same 'framework (ie belong to the same category) across, firstly, 
the 5 events; and then across 2 subsets of reactions, viz. across events I to 3, the three 
combustion reactions and across events 4 and 5, the reactions in solutions. The results are 
presented in Table 10.3. 
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TABLE 10.3 
CONSISTENCY OF ST`UDENT'S USING IDEAS ASSOCIATED WITH ASPECT B ACROSS THE 




to 3 only 
Events 
4&5 only 
A] I Events 
I to 5 
1 20 11 14 7 
ii 14 5 7 3 
111 3 3 3 1 
iv 0 0 0 0 
LLo± no. 37 19 24 11 
In table 10.3, the term consistency means that a framework is used with a degree of 
commonality to explain the appropriate group of events. 
From table 10.3, the following deductions can be made: 
a) 37 students (77% of the total) were able to apply a framework (either 
scientific or alternative) consistently over the two 'flame' reactions in 
events 2 and 3. Of these, 19 (40% of the total) were able to extend their 
use of the framework over event 1, ie 40% of the students consistently 
used a common framework to explain combustion reactions. 
b) 24 students (50% of the total) were able to apply a frarnework consistently 
over the two reactions in solution in events 4 and 5. 
C) II students (23% of the total) were able to apply a common framework 
over all 5 events. 
d) Ihe equivalent percentages for application of a scientific frarnework are: 
42% of students with respect to events 2 and 3, 
23% of students with respect to events the combustion reactions in events 
I to 3, 
30% of students with respect to the reactions in solution in events 4 and 
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5, 
15% of students with respect to all 5 events. 
In addition to the above, 4 students were identified who had no clear alternative 
ftneworks at all, ie they revealed completely different ACs over all 5 events. 
These results show that whilst, in general, frameworks are used consistently over events, 
their use is limited by what are perceived to the boundaries of commonality between types 
of events; for example, the burning of copper not always being seen as combustion in the 
same way as the two flames and the reactions in solution being seen as a different type 
of chemistry to combustion. This supports the view of Clough and Driver (1986) that 
"tasks which seemed similar to scientists may not appear that way to students". 
10.2 CONSISTENCY OR INCONSISTENCY RELATED TO ASPECIr D, WHY DIE 
REACHON WAS THOUGHT TO HAVE TAKEN PLACE 
On aspect D, as mentioned in chapter 7, there are a only a limited number of common 
frarneworks identified, each associated with an AC, viz.: 
Dla: heat as causal agent; 
Dlb: internal energy of chemicals; 
D2a: difference in reactivity; 
D3a: water as causal agent. 
Besides these frameworks, there were a small number of responses which were closer to 
the scientific framework in that they incorporate some correct elements of the chemical 
thertnodynamics involved, but which were somehow lacking in comprehensiveness or 
including some small points of confusion about the concept of entropy. These included 
responses such as: 
"becoming more stable" - (see case 11, Appendix M); 
"heat, then becoming more stable"; 
"increase in entropy of the system" (see case 1, chapter 12); 
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"to have less entropy-more order" . 
For convenience these were grouped together as "science-like fi-ameworksit. 
To examine the consistency of students' ideas with respect to the use of each of these 
frameworks, the number of students using each framework by event is presented in table 
10.4. 
TABLE 10.4 
STUDENTS' FRAMEWORKS ON ASPECT D BY EVENT 
Framework Event I Event 2 Event 3 Event 4 Event 5 
Dla: Heat 39 39 39 10 8 
Dlb: Internal energy 2 2 2 17 11 
D2a: Difference in reactivity 
j 
0 0 0 14 13 
D3a: Water 0 0 0 0 
'science-like framework! 5 5 5 5 5 
no response, don't know, other 
response 
2 2 2 2 6 
The consistency of responses at the individual level was measured by counting the number 
of students holding the same 'framework across, firstly, the 5 events; and then across 3 
subsets of reactions, viz. 
* across events I to 3, the diree combustion reactions; 
* across events 4 and 5, the reactions in solutions; 
* across events 2 and 3, the two flames. 
The results are set out in the following table 10.5. 
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TABLE 10.5 
STUDENTS' FRAMEWORKS BY EVENT GROUPS 
Frameworks Event I to 5 Events I to 3 Events 4 and 5 
Dla, 8 39 8 
Dlb 2 2 18 
D2a, 0 0 11 
D3a, 0 0 0 
'science-like' 5 5 5 
Total no. 17 48 34 
The results in Table 10.5 shows that only 17 students (35%) appeared to be using the 
same fi-amework across all 5 events; whereas across the 3 events where flames were 
present, the consistency increased to 100%. In events 4 and 5 which both involved 
solutions, probably because the similarity was not as obvious to the students as in the case 
of events I to 3, the consistency dropped to 71%. 
On a broader level, the frameworks associated with ACs Dla, Dlb, D2a and D3a could 
all be viewed as essentially the same, in that the underlying thinking is that there is an 
active causal agent in chemical change - in Dla, it is heat; Dlb, it is the internal energy 
of chemicals; D2a, it is the differential reactivity or attraction between chemicals; and 
D3a, it is water, the solvent. Viewed on this broad level, it could be inferred that 
practically all the students except the 4 who did not have a chance to respond to event 5 
were consistent across events. 
It was interesting to note that in aspect D, there appeared to be a higher degree of 
consistency in the use of alternative frameworks than 'science-like'frameworks. This result 
contrasts to that found with aspect B where a higher proportion of students were seen to 
be using the accepted scientific view. As discussed elsewhere in this thesis, students 
perfon-ned consistently worse on aspect D and this appears to be related to the low level 
of emphasis placed on entropy by teachers. The majority of students therefore held only 
vague and largely pre-formal views on the matter of entropy; this finding appears to be 
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in line with the finding reported by Engel (1982) that the consistency in the use of 
alternative frameworks is more evident in phenomena where there are a limited number 
of fi-atneworks and where these are intuitive in nature. 
Among the reasons for the high degree of consistency in the use of frarneworks vqth 
respect to aspect D was that the idea of an active causal agent (the expenential gestalt of 
causation, in the terrns of Andersson, 1986b) had been inculcated very early in the 
students' everyday life. At the same tirne, there appeared to be no strong formal 
instruction to counter this idea. (That the aspect on driving force involving the concept 
of free energy and entropy had not been emphasised or had been regarded either as less 
important or beyond the grasp of the students had been suggested by some of the teachers 
involved. ) 
In contrast, there were no similar deeply-entrenched, intuitive frameworks associated with 
aspect B. At the same time, the scientific view which pertains to aspect B had been 
deemed as important by teachers (this point had been verified with the teachers 
concerned) and hence taught and emphasised throughout the A-level course. (In the study 
schools, as verified with the teachers, thermochernical calculations involving the heats of 
combustion of alkanes, and heats of reactions in solutions had been covered early in the 
L6, and emphasised throughout all aspects of chemistry - organic, physical and inorganic. ) 
This means that the scientific view associated with aspect B had been accepted more 
widely by students. It was only in a minority of cases (4 students), where it seemed, 
because of the persistence of alternative frameworks (eg AC 133a) or preconceptions, this 
scientific view had not been received at all and these students used their own ACs 
consistently across the 5 events. 
However, in a large nwnber of cases (22 students), the scientific view appeared to be used 
in some events but not in others (eg there were 4 students who used the accepted 
frameworks in events 2,31 4 and 5 but not in event 1, where the reaction was thought to 
be overall endothem-iic because without heat, the reaction would not take Place). This 
seemed to suggest that these 22 students were in a transitional state to using the accepted 
fiumework more consistently and widely. In the terms of Black and Simon (1992) they 
have embarked on the bridge which joins the pupils' country to the scientists' country. In 
235 
contrast the 4 students mentioned in the preceding paragraph had not yet begun the 
journey towards the scientists' comtry. 
10.3 SUMMARY OF CHAPTER 
in general, the results indicate that students were applying frameworks (whether scientific 
or alternative) reasonably consistently across groups of events that they perceived to be 
siniflar. What was clearly lacking was the scientists view of all of the events being 
regarded as realisations of the same underlying conceptual model. This supports the view 
that the students had not developed a sound understanding of the principles of chemical 




A secondary objective of this study was to be able to understand the leaming approaches 
of the individuals in the study sample and to endeavour to establish relationships between 
these and the students understandings of chemistry as revealed in the interview process. 
initial results were inconclusive and due to pressures of time in the main study this 
secondary objective was suspended with a view to re-establishing it as new project at a 
later date. 
The approach adopted was the Biggs Leanung Process Questiormaire with mmor 
amendments and additions designed by this researcher to meet the specific needs of this 
study. 
A full description of the background. to the Learning Process Questionnaire together with 
its use in this study and results obtained are provided at appendix L; the principle fmdings 
achieved to date are sunitnarised below. 
The results from previous chapters 4 to 9 indicate that schools P and R seemed to be 
contnbuting more to student learning than schools C and E; while school S seemed to 
have intennediate influence on student learning. 
The analysis of the data on the learning approaches based on Biggs' LPQ showed 
inconclusive results. According to evidence from other studies (Biggs 1979,1987; 
Watkins, 1983), students with surface approaches tend to produce low level learning 
outcomes while students with deep approaches tend to produce higher levels of learning 
outcomes (ie higher levels of understanding). 
The results show that there were significant differences m the scores on surface 
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approaches by schools; with students in school C (one of the 2 weak schools) having the 
highest scores while those in schools R and E the lowest (Table LA. 1, Appendix L. 4). 
This means that while the results for school C appear to be in line with the expectation 
that students high in surface approaches will tend to produce lower quality outcomes, the 
same could not be inferred of students in school E. 
Furthermore, there were no significant differences between schools on the other 2 
approaches (deep and achieving). 
Results from the data analysis on students' perceptions of their chemistry classes appear 
inconclusive. There were no significant differences between the good schools R and P 
(and S to a smaller extent) on one hand, and the weak schools C and E on the other hand. 
The overall picture seemed to be that from the students' perspectives, the schools had 
many similar points, viz., 
they had been given a lot of notes by their chemistry teachers; 
they had ample opportunities to raise questions in class; 
they were asked questions which involved recall as well as higher order 
thinking skills in class; 
they were given assigm-nents and homework which frequently or almost 
always involved individual work rather than pair or group work; 
they found discussion with fiiends an important avenue of lean'ling 
cheniistiy. 
From students, perceptions of their chemistry classes, there appeared to be no obvious 
clues as to why the progression in school C and E should be significantly lower than those 
in schools R and P. Perhaps a consideration of other factors such as prior achievement and 
school ethos might provide some clues. 
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CHAPTER12 
PA QE STLJDY CM 
The purpose of this chapter is to present a particular interview as a detailed case study to 
demonstrate a number of aspects of the data collected. 
The case chosen is that of student R7, who was a Student with an above average total L6 
score (15KEs), and achieved the highest progression among the students (28KEs). 
lbree finther case studies, 11,111 and IV, are included for completeness at appendix M 
The case studies demonstrate the following salient features of information collected: 
the progression made in tenns of the increased richness and details in his 
explanations and the inclusion of more of the KEs of a scientific 
explanation; at the same time, while old ACs were abandoned, new ACs 
developed as new knowledge was either partially understood or applied in 
the wrong context; 
the regression in conceptualising of certain aspects; 
ACs arising from naive reasoning, confusion about the process of bonding 
and bonds; and ACs associated with driving force of chemical reactions; 
the use of incomprehensive or 'one factor only' type reasoning even at the 
U6 level or, in the tenns of Rozier and Viennot (1991), the tendency to 
forget or ignore relevant variables in a multi-variable problem; 
the consistency and/or inconsistency in the use of conceptions across the 
events. 
%oughout these case studies, student's verbatim responses are presented in italics. 
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The form of presentation of each case, either by event or by aspect, is chosen on a per 
case basis to best enable the researcher to illustrate the important points. 
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CASE I STUDENT R7 
(in this chapter the full descriptions of ACs referred to are at Appendix H. ) 
(Drawings are presented at appendix NI. ) 
(A verbatim transcript is presented at Appendix D, record sheets pertaining to the 
interview and showing analysis of responses, KEs scored and ACs revealed are at 
appendices E and F. ) 
R7 scored 2, Ns for coordinated science at GCSE, and he predicted that he would score 
an 'A! grade for A-level chemistry. Flis teacher also predicted same grade 'A. He hoped 
to specialise in chemistry at the university. 
Among possible reasons for his high progression are: 
his ability to abandon ACs associated with the process aspects of chemical 
reactions; such as Bla, Cla, C2a, C3a, C3b; and at the same time 
acquiring the relevant KEs; 
his ability to change from using predominantly perceptual thinking to 
conceptual thinking, which lead to increase in the number of KEs; 
his ability to shift from using macroscopic and/or anthropomorphic 
explanations to using microscopic and objective explanations; 
his interest and enthusiasm in chemistry. 
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Aspect A- Prediction of Type of Cbange 
At the L6 level, he had no problems in predicting the change in all events except event 
5, on which he predicted that there would be no chemical reaction because "it's something 
to do with the activity series.. we use it to determine whether metals are going to 
react.. sodiunfs pretty reactive-I don't think thafs (meaning chemical reactiont) going to 
happen". 
Like 36 other L6 interviewees, he had seemed to have the misconception (AC C3b) that 
the activity series could be used to predict whether there would be a chemical reaction in 
event 5, a non-redox reaction. As discussed in section 6.3, chapter 6, this AC could be 
related to several possible related confusions such as AC CIa (see section 6.3, chapter 6): 
confusion between elements, mixtures and compounds. Similar confusions had also 
been found of younger students aged 15 and below (Briggs and Holding, 1985) - 
it seemed that students were thinking that the properties of sodium metal (its 
reactivity and so forth) still persists in the aqueous sodium chloride. In the terrns 
of researchers such as Brosnan (1992) this is indicative of the use of common- 
sense (rather than chernist's) explanations of chemical change - where the 
properties of an object, in this case, aqueous sodiurn chloride, are regarded as "the 
same as those of the bits that make it up - not all of which may be visible". 71hus, 
in this case students thought that the properties of aqueous sodium chloride are the 
same as the sodiur-n and the chlonne bits. The difficulties that students have in 
grasping the idea of non-conservation of substance in chemical change had also 
been reported (Vogelezang, 1987; De Vos, 1987ab). 
he could be confusing between the element or substance, lead, and its particles - 
the lead ions, a problem which according to researchers like Selley (1978) is 
common in students and textbooks. This then could lead him to viewing lead ions 
in the system as having the same properties as metallic lead; which he thought was 
less reactive than sodium and hence incapable of displacing it from the solution, 
which led him to predict no chemical reaction. 
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1hus, because of these likely ACs, he was hindered from acquiring the KEs on the 
prediction of the type of change involved. 
At the U6 level, he seemed to have abandoned these ACs, which allowed make to make 
the correct prediction and acquired the KEs involved. More specifically, his response was: 
"These two anions would swcp so you end up with aqueous sodiwn nitrcee and solid lead 
chlofide.. all group I nitraes av soluble. " 
Thus, on this aspect, the relationship between the holding of ACs and the acquisition of 
KEs had been illustrated. 
Aspect B -Pleifiction on Overall Eneigy CImVe 
On this aspect, again his L6 responses were largely vague and macroscopic, and revealed 
AC B1a, with is associated with the use of perceptually dominated thinking (Driver, 1985) 
which hindered him from acquiring the KEs. At the U6, he seemed to have abandoned 
this AC, and successfully acquired KEs associated with relevant aspects of the particulate 
model and the energetics involved. To be more specific, he showed progression by 
incorporating concepts of particles and relative bond strengths which were absent in his 
L6 discourse. In so doing, he made a lot of progression of terms of both KE increase and 
AC decrease. 
For example, at L6 on event 1, his prediction was: ". . recrtion is overall 
endotherm ic.. takes in heat.. beccme without hea, the reaction won't hcppen. " 
In this response, like a number of other interviewees, he seemed to be using 
predominantly perceptual thinking and holding to a misconception that if overt heat input 
is needed to bring about a chemical reaction, then that reaction must be overall 
endothermic (AC Bla). A similar misconception was reported among 15-18 year old 
students in studies by De Vos (1986), and Johnstone, MacDonald and Webb (1977). He 
seemed to ignore the concept of activation energy or energy needed to break existing 
bonds/structure, and seemed to be suffering from the misconception that because heat is 
needed to initiate a reaction, that reaction must be overall endothermic. This 
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n, isconception was quite common among the interviewees. 
At the U6, on the same event, he predicted: "Overall exothennic. becýwe You av 
creafing a bond. enetýy is given out-yes, 0-0 bond need to break, you need eneiýy to 
break a bond. bond breaking takes in energv, bond making gives out enerýy.. Come to 
think of it, I don't think either the 0-0 bond or the Cu-O bond is pcffticulnrly strong.. so 
the net effect whether exothennic or endothennic isn't pcyticularly lage.. 11 
(This U6 response, like his other U6 responses on aspect B in the other 4 events was 
placed in category i, "science-like" framework, section 10.1, chapter 10 because it was a 
view closest to the scientific view and did not incorporate any obvious ACs, unlike those 
placed in the category ii framework mentioned in case IV, student CIO. ) 
At this point, like many other interviewees, he displayed the tendency not to consider all 
factors involved in a problem or issue - he did not include consideration of the bonds in 
the other reactant, copper, which needed to be broken (AC B2b, section 5.3, chapter 5). 
This led to prompting by the interviewer, who asked, "Are there any bonds which need 
to be broken in this copper foil? " 
To which he then replied: "The bonding in metals is different because you haven't got 
electrons going round individual nucleus, you've got electrons floding avund the whole 
metal nucleus-you need to put in energv to get the copper on its own-yes, you got to get 
copper a slight distance away from the man body of metal so tl-mt it can react on its 
own.. it doesn't need to be a long way away.. so there ate two processes which require 
energr affect the metallic structure in copper cmd split the 0-0 bond, create 2 oxygen 
afoms.. if these then pull away 2 copper aoms from the metal and then produce 2 oxygen 
ions or mdica(s, whicteverI think itd be overall endothennic but not significantly 
endothennic which is why you need to heat it to give it eneiýy.. if it were incredibly 
endothennic, itd require a lot of energv.. it won't hcffen a room temperafure. " 
In spite of having been prompted to consider a different/third factor - bond breaking in 
copper - he was still using incomprehensive reasoning; he did not put together all three 
factors, i. e., bond breaking in copper and in oxygen gas as well as bond making in copper 
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oxide, in his reasoning (AC B2b, section 5.3, chapter 5). This tendency exhibited by him 
was common among the interviewees, and appeared to be supportive of the suggestion 
made by Rozier and Viennot (199 1) that there are some tendencies in common reasoning 
which "aim at reducing the complexity of multi-variable problems". As pointed out by 
them, one main aspect of these tendencies involved treating a physical quantity which 
depends on several factors as if it were depending on only one factor, or forgetting about 
the other relevant factors. 
The progression he made between the 2 interviews was quite obvious from his responses 
quoted above. When at the L6 level, he was not able to elaborate much on why he 
thought the reaction was overall endothermic, at the U6 level, his responses were rich and 
elaborate with details. 
One possible reason why he thought the Cu-0 bond was weak could be inferred from his 
initial U6 response when asked to predict what would happen to the copper foil if put in 
a very hot bunsen flame. His response was: 'ý&t melt, no chemical maction beccwe the 
oxide is mduced eavily.. itd decompose in hed bcrk to copper aO oxygen. " 
Later, after having been prompted to consider other metals like magnesium, he revised his 
view by saying that: "Yeah, copper oxide is exily reduced, but it'll just sit, won't 
spontaneously reduce.. but if you pass hydrogen gav or methane.. it will reduce to copper 
metal.. itý not a difficult oTetiment, you don't need va-vt amounts of eneqD; to reduce 
copper oxide to copper. but then itý not a very unstable compound going spontaneously 
from copper oxide to copper. most oxides of metals av quite stable 'cos you often get 
oxides on the swfcre of metals.. aluminium, iron.. " 
U- 
I Ir, seemed to have inferred that the Cu-0 bond is not very strong based on the fact that 
it could be reduced easily by hydrogen or methane gas. In this inference, he seemed to 
reason rather incomprehensively or superficially, neglecting considerations of all the 
factors which led to the overall exothermicity of the energy change, which in turn arose 
from the formation of stronger H-0 bonds in water, which drives the reduction of CuO 
to Cu. 
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The improved quality of his answers on aspect B can also be seen in the next example 
from U6, his response on the burning candle: "Overall exothennic. - 
heat is given outfrom 
the buming of Pa-ofrin.. it ý like a balancing art 'cos you're breaking cendn bonds.. C-H 
bonds. -and 
fonning strong bonds in water aid c6rbon dioxide which gives out more 
energy than breaking of weak bonds so the swplus net enetýy is given out as hear. " 
At the L6 level, he had said that the reaction was "overall exothennic", and the reason he 
gave was, "it gives out heat from the reaction". 
Aspect C- Mw the reaction takes place. 
On his aspect C, again, as in aspect B, he showed progression in his increased 
mderstanding of which particles and which processes were involved. 
Eg i event I 
Lb response: "Copper molecules shaking avwid, more and more with heat, shake faster 
aqdjaster, then they have so much eneiýT that they bounce into oxygen molecules aid 
they have so much energv tha they stick together " 
At the L6, his view of the process was rather vague; and did not include the concept of 
electrons; and there was the suggestion that he thought bond making requires energy (AC 
B3a). At the U6, his view of electrons and their role in bonding was quite sophisticated. 
HS U6 response was: ".. You get. one cloud of electrons.. (drawing a circle with'Cd written 
on its centre) Then you have this cloud of electrons coming cmund oxygen. - oxygen stces 
off x '02' molecule, tha is, bonded together, which break.. have to create eneqT for 
oxygen to break, then youre left with an oxygen which is very small.. oxygen is in group 
VI so it'll have I or 2 wrancies, depending on how it ý split.. eizier to xsume it's got 2 
vacancies; then you'll have mutual attraction between copper and oxygen.. become oxygen 
hcs 2 spaces, it'll be wrarted by the electron cloud of copper apid the electrons orbiting 
the copper. so they like going round copper. sphefical shcpe.. when oxygen gets close 
enough (drawing a partially completed circle with'U written at its centre, next to the first 
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circle representing copper with a cloud of electrons around it) then theyre going to chcolge 
their orbital aO stce orbiting the oxygen ay well thcffý whem they stce to bond and make 
a bond. the electrons orbiting rowid both" (changing the circular shape around Cu to a 
dumb-bell shape with 'Cif and '0 at the centre of each lobe - see fl. - 1, Appendix N. 1.2). 
Like the vast mt#ority of the other interviewees, he cffeavd to sufferfrom confusions 
between ionic aid covalent bonding. Specifically, after having mentioned tha the 2 
electronsfrom copperfonned the Cu-0 bond, he went on to m/er to it as a "sigma bond.. a 
single bond between Cu and 0 'cos them's only one set o a(oms thd the electrons ar )f 
comingfrom aid bonchng. only one bondingpair so itý called a sigma bond Yes, copper 
contfibutes the electrons tofonn the sigma bond. oxygen doesn't contfibute any electrons 
to the bond 'cos oxygen has the 2 spacesfor the electrons to come in Sometimes, copper 
a7d oxygen each contfibute one electron to the bond. it depenc&.. rp 
The improved, rich and elaborate nature of his U6 response over that of the L6 one was 
evident. At the L6 level, he was unable to describe very specifically how the process of 
change was conceived; he was referring to molecules instead of atoms of copper, there 
was no reference made to bond formation; and he appeared to be suffering from the AC 
which was prevalent among the interviewees - that energy is needed for reactant particles 
to 'sticW together, i. e., energy or bond is needed to hold particles of reactants together to 
form new products (AC B3a). The prevalence of the view that energy is the causal agent 
of change has been suggested in other studies (Andersson, 1986b; Ogborn, 1990). 
Flis U6 account, while not completely free from ACs, was much nearer to the scientific 
view. f1is treatment of the bonding process between copper and oxygen was quite typical 
of the interviewees in the sense that there was lack of comprehensive understanding of 
the nature of the bond or the attraction between the atoms involved. Like many other 
interviewees, he appeared to be confused or vague to some extent of the nature of the Cu- 
0 bond. Like many of the other students, he did not conceptualised the Cu-0 bond as 
anything more than the 2 electrons which are orbiting round the 2 atoms involved; which 
in this case was effectively shared between the Cu and 0 atoms. He did not articulate the 
scientific view that it is the electrostatic attraction between the shared electrons and the 
2 nuclei which constitute the bond. 
247 
While his conceptualisation of the process was different to the conventional A-level view, 
which was articulated in the 'model' set up by the interviewer-researcher at Appendix C, 
it was not considered as invalid but transitional, having elements of both the scientific 
view and ACs or misconceptions. The conventional scientific response would, in most 
cases, start with considerations of the significant electronegativity difference between 
copper and oxygen, resulting in the transfer of electrons from copper to oxygen, leading 
to the formation of oppositely charged Ce and (Y- ions. Electrostatic attraction between 
these ions then results in the release of energy and the fonnation of strong ionic lattice. 
A small degree of polarisation of U- electron charge by the Ce could lead to a small 
amount of covalent character in the Cu-0 bond. 
The fact that ionic bonds usually possess some amount of covalent character and that most 
covalent bonds have ionic character meant that R7s treatment of the Cu-0 bond from the 
view of covalency was not completely invalid. It was an alternative way of looking at 
bond formation processes. 
I-lis account while acceptable and commendable compared with numerous other accounts 
elicited in this study, also revealed likely ACs such as: 
a) Possible confusion of covalent and ionic bond (AC C2a); as evident when he 
referred to the Cu-0 bond being a sigma bond. The terms 'sigma! bond in 
chemistry is used in association with a covalent bond to describe the nature of the 
electron orbital overlap, whether it is an internuclear (sigma) overlap or a sideways 
(pi) overlap. 
From his responses on aspect B quoted above, it could be inferred that he thought 
either oxygen ions or radicals could be produced as a result of the interaction 
between copper atoms and the oxygen molecules. Throughout his discourse on 
event I, however, there was no mention of the formation of copper ions. From this 
omission and his mention of a sigma Cu-0 bond, he seemed to think either that 
the bond was covalent or that there was more covalent character than ionic. 
b) his mention of copper contributing 2 electrons to the bond migK on the other 
hand, be a reflection of the confusion of dative bond with covalent bond. In this 
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study, there were a number of other interviewees who conceptualised a bond, 
which they termed as a covalent bond, as being formed by one atom donating two 
(in some cases, only one electron) electrons to the overlap between the two atoms 
held by the bond. In other words, the meaning of sharing was given a slightly 
different meaning. It is one atom sharing its electron(s) with a second atom, with 
the latter atom not contributing anything to the bonding process. In effect, it 
seemed that a dative bond has been confused with a covalent bond; except that in 
the case of some interviewees, a covalent bond was misconceived of as comprising 
just one single electron being shared between two atoms. 
Eg ii ev 4 
At the L6 his response in this event revealed several ACs, including 'the any-thirig goes' 
view of chemical reaction mentioned in section 4.3, chapter 4; and ACs CIa, C2a and 
Ch. 
Eg at the L6, he thought that aqueous HCI "might be ionic.. have a cendn awount of H' 
ions aqd CL beccwe these chages av equal apzd opposite, they atrcrt each other very 
strongly so you got very strong bonds.. ionic bonds' f 
(He mvealed AC C3a here, that there are ionic bonds existing W and Cl- ions in dilute 
HCI, and on top of that he thought there av no bonas between the H' ions aud water 
molecules; also no bonds between Ct ions azd water molecules. At the U6, ay revealed 
from the extract below, he had aba7doned this A C, and also showed uncletstaOing of the 
interxtion between the proton aqd water molecules) 
His L6 response on the process: rr.. magnesium complise aoms-moleculesjoined up like 
this (drawing 3 rows of circles, each with 1mg written at its centre and almost touching 
its neighbours on all sides). -lattice-sea of electrons 
(adding dots in the spaces between the 
3 rows of circles).. each molecule [AC Cla: confusion between atoms and molecules] 
shaking about a little.. with heat, they shake mom and more until it breaks free.. aid able 
tojoin. willfonn.. it should go to Mg+ aPzd I of them link ip with 2 chlotines in the water 
fonning MgCl,,, 11 
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Probed filrther on how magnesium go to Me, he responded: ". magnesium must change 
into ions.. ionise.. but if you mmove water. hydrogen will react with oxygen in air tofonn 
wder. if you burn that off, evaponle-you'll be left with MgI+ cmd ct ions which fot? n 
MgCI2.. maybe hydrogen will not mact with oxygen become it mquims a lot of 
enerýy.. maybe itýjust given off Magnesiwn becomes Mg+ by losing 2 electrons.. not swr 
where 2 electrons go to.. don't think these electrons float around in liquid. I think theyll 
go on som ething and produce negative ions.. m ay be produce hydrox ide ions.. m ay be som e 
hydrogen react with an oxygen and I electron go there, fonns hydroxide ion OH [Note 
the 'anything goes' view of chemical reaction] which is soluble also. 11 
His abandonment of the ACs identified was evident in his U6 response, which therefore 
accomts for the his acquisition in KEs: 
His U6 response: 'HC1 is a strong acid 'cos got H which is very electropositive md C1 
very electronegative so H' is almost on its own-actually itý H30' 'cos hydrogen Iks 
joined onto wafer aid that acts xa very strong electrophile attacking. apzd Ct wants to 
rext [Note the anthropomorphism here - chloride ion wants to react] with magnesium 'cos 
magnesium very easily lose electrons aid chlofine generally has a gcp or space become 
it ý in group VII. to lose an electron mquires eneqy.. so you got a sigma covalent bond 
between magnesium and chlofine (f4.1, Appendix K 1.2), showing a conventional dot and 
cross diagram, 3 intersecting circles in a horizontal row, the middle one with 'Mg` at this 
centre, the two at the side each with 'Cl' at its centre; each Mg-Cl intersection had a pair 
of electrons in it, represented by a dot and a cross; dot representing electrons from Mg, 
and cross an electron from Cl - f4.1, Appendix K 1.2)". 
At this poiný the interviewer quened, "Cl before reaction exists as chloride ions-with 8 
outer shell electrons-it still wants to react with magnesium? " 
LL- 
I JLL; then said, " Tha ý not tight.. I'm confused (cancelling out f4.1).. you have magnesium 
ion apid chlotine ion beccwe magnesium ý position in the Petiodic Table, itý up hem.. cmd 
chlotine is up here.. genen-dly the jutther the more likely to get cm ionic compound -so 
MgC12 is not covalent.. Mg's going to be 2+, 2 electrons sho? tJoses 2 electrons to 
hyaýogen 'cos if hydrogen is to fonn covalent bond it needs 2 electrons to fon-n I H-H 
bond. ff 
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fie then went on to explain based on the lattice energy concept why magnesium chloride 
remains in solution with "no physical bonds but awwtion between the Mg2+ CO& a 
ions.. in water MgC12 dissolve become the eneqy.. itý to do with this lattice energy 
bayically.. which is the energy it gets from being pulled together. that is, when I mole of 
Mg2+ ions a7d 2 moles of CI atoms come together the energy they give off is lattice 
eneqy.. themý also a cendn amount of energy they give off when they dissolve in 
water. itý to do with intercrtion of water and individua( ions. -water hay a chc#ge on 
it.. shcpe of the molecule leads to slightly negative and slightly positive bits (44,0 &H 
on a V-shaped H20 molecule have delta-ve and delta+ve charges respectively) ... " He went 
on to explain in accurate detail the nature of interaction between the water molecules and 
the ions. 
His initial U6 response quoted above showed at least 2 ACs which were common to the 
interviewees, viz., the conception that the key step was the formation of a bond between 
chlorine or (chloride ion) and Mg (AC C3a); and the confusion between ionic and 
covalent bonds (AC C2a). 
However, while many of the other interviewees remained confused throughout the entire 
interview, he was quick to correct himself the moment he was reminded that the chlorine 
in fact exists as Cl- ions in the reaction system. And while many other interviewees (even 
those in the top group such as case 11, student P4), still insist that the reaction process 
must involve Mg giving electrons to Cl, and they had postulated that somehow CI or Cl- 
must "gave back" the I electron to the H or W ion, R7 was quick to realise that the more 
feasible step was for Mg to lose its electrons to W rather than to CI or Cl-- 
VO-ffle at the L6 level he thought that there were no attractions and no bonds existing 
between ions and water molecules, at the U6 he was able to give a very comprehensive 
accomt of the solvation effect of water, together with a good discussion of the energetics 
involved. 
At the L6 level, in the context of event 5, having said that water caused NaCl to dissolve 
and to split up into Na and Cl, he had said: 'V don't know very much about tha. " It 
seemed that at the U6 interview, he had come to show the interviewer that he had 
rectified his lack of understanding about the solvation effect of water. (See part iii event 
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5. ) 
However, he did appeared to show some regression at the U6 interview when he predicted 
that in the absence of water, i. e., in a system containing pure HCI which is a gas and solid 
Mg ribbon: "There would be a similar reaction, except tha you get a very violent 
reaction-actual products depend on whatý in excess-if excess HCJ, MgCJ2 m OY do 
something with that.. Oh! I don't see what it could do with HCl crid. probably 
dissolve.. reaction would be a lot more violent apid give off a lot of heat 'cos itý 
exothermic. " 
Perhaps he thought that the lattice energy released was sufficient to break the covalent H- 
Cl bond? He seemed to have forgotten that some initial heat input would be needed to 
break some of the H-Cl bond in order to start the whole reaction going. Here, he seemed 
to be exhibiting again the 'one factor only' type limited reasoning. 
His U6 answer was surprising because of 2 reasons: 
a) He had postulated that the reaction involved electron transfer from Mg atom to W ion 
and he seemed to understand the energetics involved in bond breaking and bond making. 
He seemed to ignore or forget about this. 
b) At the L6 level, when presented with the same question, his response was different. It 
was: "There would be no martion beame HO needs to be ionised so At the maction 
con occur " At the L6 level, he had postulated an electron process between Mg atom and 
an hydroxy 'OIT radical, and not aW atom. He also appeared to lack a sound 
mderstanding of the energetics involved by postulating that the hydrogen which was 
released actually reacts with oxygen from the air to fonn a hydroxyl group which then 
accepts an electron from Mg forming OH ion! Yet he could infer that there would be no 
reaction if water is absent. 
Among the possible reasons for his AC that there would be a violent reaction between Mg 
and HCI in the absence of water, was known as "vividness criterion" (Nisbett and Ross, 
1980): it appeared that new knowledge associated with energetics (lattice energy and so 
forth) was still fresh in his mind and had been recalled given too much emphasis in his 
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conceptual scheme at the expense of old acquired concepts. Similar kinds of regression 
were found in a number of the other students including case H, student El. 
Aspect D- Dniving Fome 
At the L6 level, he included 2ACs and no KEs in his explanations over the 5 events; 
because he, like the vast majority of the other interviewees, held the consistent (see 
section 10.2, chapter 10) view that the driving force in chemical reactions is some active 
causal agent (the experiential gestalt of causation, in Andersson's (I 986b) terms). In events 
I to 3, it was heat input (AC DIa, section 7.3, chapter 7); for events 4 and 5, it was one 
of the chemicals (AC D2b, section 7.3, chapter 7), and his explanations were 
anthropomorphic: 
Event 4: ". 1he cridjust wanting to wart so it c6nfonn ions. - chlotine w6nts to movefrom 
hydrogen to magnesim 
and for event 5: 'Metals am mcrtive-Sodium wauts to be or combine with nioae.. itý 
hqppier with nitrae than chlotide. lf 
At the L6 level, his responses on the driving force in events 4 and 5 clearly showed that 
he had a poor understanding not only of the driving force but also of the process of the 
reaction. He seemed, to think, like many of the other interviewees, that in the aqueous 
state, the ionic bonds between Me and Cl- ions, and between Nd* and N03- ions are 
maffected by the solvent (AC C3a). 
At the U6, he showed progression by moving from anthropomorphic explanations to more 
objective explanations, which included aspects of the KEs on entropy change (see also 
section 10.2, chapter 10), which he used consistently across the events. 
However, as illustrated by the extracts from events I and 5, because he seemed to have 
acquired only bits of the relevant KEs (di Sessa, 1988), the result was partial 
understanding, and new ACs. More specifically, at the U6, he seemed to have abandoned 
his L6 ACs (D I a, D2b) and had grasped the idea of entropy increase as the driving force 
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of chemical change (new KE). At the same time, he also acquired the new AC (that the 
driving force of chemical change is entropy increase of the reaction system, which is 
contrary to the chemist's view that it is the entropy increase of the universe), which led 
to other new ACs (eg that the entropy of copper oxide is lower than those of copper and 
oxygen together). 
Eg event 1: ".. L)rivingjbrreý - itý to do with the entropy of the system, IhM itý lower in 
copper oxide than between copper avzd oxygen. -Entropy basically m ecisures disorder of the 
system, the second law of thennodync#nics [It is probably the third law he meaut, not the 
second] says tha disoider or entropy always increase so in aiy wartion the mcdn driving 
force is the increase in entropy so this reaction hcppens with increasing entropy.. entropy 
of copper oxide must be higher thau thd between copper apzd oxygen 'cos entropy always 
increaYe. ff 
Eg event 5: "The increxe in entropy become sodium nitrae exist av Nd a7d N03- ion 
p4ts, although you got the complicceion that it's in wder. itý got a big Idtice eneqy and 
itý higher than sodium chlofide-sodium chlofide has gone to sodium nitrae 'cos sodium 
nitn-ke have a bigger latice eneqy than sodium chlofide.. chlofine is very very reactive ... I 
have afinn belief diat all mactions will incmaye in entropy so.. if you got aqueous sodium 
nitale, then there am mom possibilities of mndom armgement of sodium and nitrme 
within tha solution so the enftiýW of the solution is incmized quite a lot.. also you may 
be losing some entropy because the entropy of lead chlofide is lower Am thaf of lead 
niftle.. the jact is that you've increased the entropy of the sodium compound by giving 
it more space to be nwdomly annged " 
This response again revealed that because he had misconstrued the second [third? ] law of 
thermodynamics, he was further misled into trying to rationalise an increase in the entropy 
of the system after the precipitation had occurred. In actual fact, the entropy of the system 
had decreased, but it is heat released (which was almost imperceptible) which leads to an 
increase in the entropy of its surroundings. 
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SUMMARY OF CASE I 
TABLE 12.1 
ACs REVEALED BY STUDENT R7 
ACs revealed at U only ACs held at L only ACs held at both U and L 
C3d, D4c Alb, A3c, A3dB3aClaC2b, 
C3a, Ob, Dla, D2b 
BIa, B2b, C2a 
2 10 13 
He revealed 13 ACs at L6,10 of which were abandoned at U6. At U6, he acquired 2 new 
ACs, which relates to the lack of understanding of the role of water as a solvent in 
reactions in solutions and to entropy. Both these ACs appeared to be transitional to the 
acquisition of scientific frameworks. 
This case illustrates the various fonns of progression (see chapter 9) in tenns of the new 
scientific concepts (KEs) and links that are included in the student's responses. 
It also illustrates how the crossing the bridge from the pupils' country to the science 
country (to use the metaphor of Black and Simon, 1993) is not an easy process; one could 
trip and slip over the stepping stones that have been laid down to assist one across - as 
could be seen here when R7 has only partially grasped the new concepts (new KEs) 
associated with entropy increase but had misconceived its context as that of the reaction 
system instead of the universe, i. e., the reaction system and its surroundings (new ACs). 
The result of acquiring new ACs associated with partial understanding was the 
development of more new ACs. 
One reason, among other possible reasons, which could explain his high progression was 
in terms of his ability to abandon his old ACs (such as Dla, D2b) to acquire new KEs. 
This is to be contrasted with students like CIO who seemed unable to shake off her old 
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ACs, the result of which was low progression in ten-ns of acquiring new KEs. 
Admittedly, as revealed, he did acquire new ACs as he acquires new KEs, but these ACs 
relates to partial understanding or lack of differentiation of contexts, which could probably 
be easily corrected. 
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CHAPTER 13 
CONCIESIONS OF STUDY 
This study set out to fill an identified gap in science education relating to the conceptions 
and understandings of A-level chemistry students. It had been identified that precious little 
work had been done to date to investigate the conceptions of science students who had 
undergone several years of formal domain-specific learning and had chosen to specialise 
in that domain with aspirations to continue science education to a higher level. 
'fhe study environment of understandings of the nature of chemical reaction was chosen 
because the concept of chemical reaction is not only ftmdamental to the subject of 
chemistry but also perineates it at every level. 
The primary aims of the study were to 
a) develop comprehensive insights into A-level students' understandings of the nature 
of some familiar, well-known chemical reactions 
b) examine consistencies and inconsistencies in mderstanding across multiple events 
in order to test the depth of mderstanding 
C) investigate patterns of progression in understanding over an extended period of 
continued fonnal study 
The detailed findings of the study have been reported in the earlier chapters of this thesis; 
the purpose of this chapter is to take an overview of the findings in order to establish the 
common threads, to review the research methodology and to draw some conclusions that 
will form the basis for continued work in this area. 
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These conclusions are presented under the following four headings: 
1) Discussion of the Study Results 
2) Review of the Research Methodology 
3) Significance of the Findings and Implications for Science Education 
4) Discussion of Areas for Further Study 
13.1 DI[SCUSSION OF THE STUDY RESULTS 
13.1.1 OVERVIEW OF TIHE STUDY RESUUFS 
The study findings paint a somewhat depressing picture of a generally low level of 
mderstanding of this ftmdamental aspect of chemistry amongst a group of students of 
whom it might have been expected to be found a good level of understanding with 
perhaps specific areas of difficulty. 
This picture is characterised by 
a) The preponderance of perceptually dominated rather than conceptual thinking. 
This is demonstrated in the large number of perceptually based ACs uncovered 
through the interview process. Some examples are: 
27 students (561/o) at L6 and 16 (33%) at U6 thought the wax in a burning 
candle is merely melting and not involved in any chemical reaction. 
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At A-level, one would expect these students to be able to conceptualise the 
burning candle as involving essentially the same combustion reaction as 
in the bunsen flame. VVhle many of the same students could describe the 
imperceptible methane gas in event 3 as reacting with oxygen in air to 
form carbon dioxide and water, they were misled by their visual perception 
when they saw the wick as 'being alight' but not the wax. 
At the U6 level, 44 students (92%) still thought that an active causal agent 
is needed for chemical change. Among these, 39 (81%) thought that heat 
input is the active causal agent of chemical change. 
At U6 level, having been exposed to concepts of driving force and entropy, 
one would expect these students to use conceptual thinking to explain 
driving force as involving the decrease in free energy or the increase in 
entropy of the universe. Yet these students seemed still to be thinking 
along the same lines as younger pupils eg the 8th grade students in the 
study by Novick and Nussbaum (1978), who did not think that a chemical 
reaction can occur if there were no external intervention such as heating. 
In the terms of Brosnan (1992) these students were using common sense 
explanations rather than a chemist's explanations of chemical change. 
b) The very wide range of alternative conceptions about the nature of chemical 
reactions, including many of the naive conceptions reported in earlier studies 
amongst younger students (eg BouJaoude, 1991; Mehuet et al., 1985; Driver, 
1985), were held by these A-level students. 
These conceptions can be delineated into three broad categories which have been 
discussed in chapter 8 but can be summarised as 
ACs which reflect naive chemistry, such as substantialisation of heat; and 
carbon dioxide from the atmosphere being a reactant in burning systems. 
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It was surprising to this researcher to encounter so many naive 
misconceptions amongst A-level students who had done well at GCSE, 
chosen to study chemistry at A-level, and had aspirations to further study 
and /or employment in science related disciplines. 
ACs associated with the microscopic processes of chemical reaction, 
especially with the nature of chemical bonds and the direction of energy 
change involved. 
IL I%-, 
A(s associated with the driving force of chemical reactions, that is to say, 
why chemical reactions happen at all. 
C) The persistence of many ACs despite appropriate topics being covered in the 
students' courses in the period between the two interviews. This finding is in line 
with previous studies (Gunstone and White, 1981; Clough and Driver, 1985). 
d) The lack of scientific thinking amongst the students in terms of applying some 
general principles over multiple events. Instead, there was a tendency to view 
events within perceptual boundaries, and to construct separate explanatory models 
for each separately perceived domain. 
e) The preponderance of single factor reasoning rather than attempting to take into 
account a multiplicity of factors. It appeared that many students attempted to 
explain events with reference to only one, often narrow, idea rather than 
attempting to bring to bear the full range of chemical knowledge available to 
them. it seemed that, often, students were pre-occupied with their latest bit of 
knowledge which they then tried to deploy as some form of panacea. 
0 Ihe ahnost total lack of understanding about the energetics of chemical reactions: 
this study has found that very few of the students (not more than 10%) 
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interviewed voluntarily used concepts of chemical energetics in their reasoning about the 
microscopic processes associated with chemical change. Similar findings had been reported by 
Brook and Driver (1984) who found that very few of the students studied by them spontaneously 
used ideas about energy to explain physical phenomena presented to them. 
as suggested by De Vos and Verdonk (1986), and Cohen and Ben-Zvi (1992) 
cognitive learning difficulties associated with understanding the meanings of 
abstract concepts such as heat, temperature and bond energy, could result in many 
alternative conceptions. 
g) In general, students scored well on the "what" of chemical reaction but poorly on the 
"how" and "why". 
In general, progression between the lower and upper sixth form interviews, measured by 
an increase in the number of key elements recorded, tended to be matched by a 
corresponding decrease in the number of ACs held. However, there were many 
exceptions. These demonstrated students' ability to simultaneously hold scientific or 
"science-like" frameworks (ie frameworks which contained some but not all aspects of 
the scientific view) alongside alternative frameworks and suggest a dichotomy between 
school science and spontaneous knowledge, an observation also made by Pines and West 
(1986). 
With such a picture it is hardly surprising that, even to A-level students, chemistry appears to 
be a difficult subject even to the extent of seeming mysterious (and perhaps close to alchemy) 
and that the subject appears to be increasingly unpopular amongst aspiring undergraduates. 
The remainder of this section summarises, the main areas of fmdings as a platform for 
considering the implications for science education and identifying areas for ftirther related study. 
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13.1.2 PROGRESSION AND NON-PROGRESSION IN STUDENTS' 
CONCEMONS 
Results discussed in Chapter 9 and elsewhere show that with increasing fonml chemistry 
instruction, students could acquire elements of the scientific view while maintaining many 
of their own naive views. This is in line with findings reported in the literature (Gunstone 
and White, 1981; Gilbert, Osborne and Fensham, 1982). 
For example, a number of the students did articulate the chemist's view that bond 
breaking requires energy. But on careful probing, the chemist's view had been shown to 
be superimposed on preconceptions that bond breaking results in the release of energy. 
Thus, according to some alternative frameworks, the process of bond breaking requires 
input of energy to initiate it or start it off; however, as the bonds break, they release 
energy. In other words, the energy input is conceived of as a kind of activation energy 
to initiate the bond breaking process. Once the bonds themselves begin to break, they then 
release energy - because bonds are made of energy, and by the principle of conservation 
of energy, the energy cannot just disappear when bonds break. Hence, it must be released. 
Another example of the way in which the chemist's view had been superimposed on 
students' preconceptions is the view that the bond breaking process involves the 
absorption of energy and that bond making releases energy; but the energy which is 
released during bond making is the same energy which has been taken in during bond 
breaking which is no longer required. 
In the study, progression made by students is seen mainly in terms of the provision of 
richer, more detailed accounts, which contain an increased number of the key elements 
(KEs) of a scientific explanation. 
Between the two interviews, a number of students clearly shifted from a naive view of 
cheinical change as resulting from one active agent (usually one of the reactants or heat, 
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which was often substantialised) acting on the (other) passive reactant(s) to the view of 
chemical change as the result of the interaction of equal partners. This view has also been 
discussed by Brosnan (1992) with reference to the characteristics of common-sense and 
chemists explanations of chemical change. 
in the same vein, a number of students also shifted from using anthropomorphic 
explanations, Particularly with respect to aspect D, driving force of chemical change, to 
using non-anthropomorphic explanations (which were, however, still either incomplete or 
at variance with the scientific view). To what extent this abandonment of 
anthropomorphic reasoning can be viewed as progression is perhaps debatable. On one 
hand, the use of anthropomorphic reasoning could be seen as transitional to scientific 
reasoning, and therefore its abandonment can be viewed as progression. On the other 
hand, as pointed out by researchers such as Bentley and Watts (1991) who have 
documented examples of teleological and anthropomorphic reasoning by children and also 
in science textbooks, anthropomorphism is useful to both children and adults in explaining 
a variety of phenomena. In particular, they note that anthropomorphism is useful when 
Interconnectedness, not objectivity, humanness, not mechanistic approaches are the 
fimneworks for examining and explaining phenomena around us. " 
A pertinent question here is, "To what extent should the practice (and learning) of 
chemistry/science be seen as objective and mechanistic by learners? " If it is to be seen 
as objective and mechanistic, then perhaps the use of anthropomorphic explanations 
should be discouraged. On the other hand, if it is to be seen as htunan and interconnected 
with other realms of life, including the everyday life, then perhaps the use of 
anthropomorphic explanations should not be extinguished? As mentioned in chapter 2, in 
this researcher's view, no forms of learning, including the learning of chemistry, can occur 
objectively, separate from the domain of attitudes, beliefs and feelings of the learner. The 
pursuit of science/chemistry itself is not detached from subjective elements of motives and 
drives. Perhaps, if the science/chemistry is seen as less mechanistic and more human, 
students might find it easier to learn? Perhaps as suggested by a number of researchers 
(eg Solomon, 1983; Brook and Driver, 1984) students should be encouraged not so much 
263 
to change their conceptions but to distinguish between contexts and when particular 
conceptions are appropriate. 
In terms Of 'One factor OnlY t)W reasoning, even at U6, there were a number of students 
who tended to reason incomprehensively by not including all relevant factors in their 
explanations. This is probably indicative of their lack of formal reasoning ability, in line 
with fmdings in other studies, such as those by Buell and Bradley (1972) who found that 
a large proportion of the high school chemistry students studied by them were still not 
operating at the formal Piagetian stage. It might also be indicative of the tendency to 
forget or ignore relevant variables in solving a multi-variable problem as reported by 
researchers such as Rozier and Viennot (1991). In a small minority of the cases, it might 
even be a reflection of students' difficulties in verbalising their mental models 
comprehensively, a fmding which was reported of younger students by Holding (1987). 
This study has also uncovered a large number of instances where students seemed to show 
regression in their explanations or conceptions, which might be akin to the U-shaped type 
developmental curve identified by previous researchers (e. g., Strauss, 1977; Holding, 
1987). Here students seemed to have applied the new knowledge they have learned at the 
U6 to the wrong context and/or seemed to have abandoned concepts which have served 
them well at the L6. It seemed as though the new knowledge had not been properly 
differentiated from their existing knowledge and not properly integrated, and was allowed 
to colour or to disorientate their existing conceptual frameworks. 
Another possibility is that the apparent regression could be the result of selective 
inattention - or the suggestion by Nisbett and Ross (1980) that new knowledge, being 
fresh in the minds could be wrongly retrieved (in the place of older but more appropriate 
knowledge) to construct explanations, which need not, from the students' perspectives, be 
coherent because as suggested by Reif and Larkin (1991), students do not appreciate the 
goals of science; they do not appreciate the need to formulate a coherent explanation. 
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From another perspective, perhaps this regression which is seen in so many instances is 
the natural consequence of lean-dng - of acquiring knowledge in unconnected bits and 
pieces in the early stage of learning (di Sessa, 1988), so that they often recall various 
different bits of knowledge at different times, presenting inconsistencies or apparent 
regression. 
From yet another perspective, the apparent regression could perhaps be understood as the 
manifestion of the disequilibrium process, which is transitory to achieving accommodation 
and equilibrium again (Furth, 1981). 
Indeed this researcher-curn-interviewer's heart goes out to students who found it all a 
confusing mass of isolated facts, and unable to make generalisations, of the mass. Some 
students seemed unable to differentiate between concepts, between new things learned and 
old knowledge, and overgeneralised or applied new knowledge in a wrong context. Some 
seemed overwhelmed by the amount of learning they had to do at A-level compared with 
GCSE level. A few seemed bewildered having been told that what they had learrit 
previously at GCSE was a "whole load of rubbish". 
Developing the analogy of crossing the bridge from the students' country to the scientists' 
country (Black and Simon, 1992), this research has identified two factors which could 
hinder students' progression: (1) the persistent ACs (many based on pre-fon-nal 
knowledge) which could hold students back like elastic and (2) new (and hopefully 
t-ansient) ACs which could trip the students up on the bridge. 
In closely observing students' alternative conceptions this researcher is led to speculate 
that perhaps the longer an AC is held, the more deeply entrenched it becomes and 
therefore the more difficult it is to abandon it. Further research is required to develop this 
idea but if it were demonstrated to be true then there would be implications for teaching. 
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A relationship between progression and the study of single science or co-ordinated science 
at GCSE has been established - this is discussed in detail under Implications for Science 
Education in section 13.3 
13.1.3 CONSISTENCY 
CONCEPTIONS 
AND INCONSISTENCY OF STUDENT'S' 
in general, the results indicate that students were applying frameworks (whether scientific 
or alternative) reasonably consistently across groups of events that they perceived to be 
sin-filar. What was clearly lacking was the scientists' view of all the events being regarded 
as realisations of the same underlying conceptual model. This supports the view that the 
students had not developed a sound understanding of the concept of chemical reaction and 
that their thinking was too easily directed by superficial perceptual clues. 
Overall, it seemed that students tended to use different ACs for the same aspect or same 
concept on different events (and in certain events, even revealed views that were quite 
close to scientists' views). This inconsistency across events suggest that these students had 
not caught on to the idea of scientific reasoning to explain the generality of events. That 
younger pupils were unable to produce generalised explanations of phenomena had been 
reported by previous studies (Gilbert, Osborne and Fenshan-4 1982). However, here for 
students specialising in a scientific discipline, it is expected that they would have acquired 
the ability to think scientifically which should lead to the recognition of generality 
between events. 
The fact that these students (aged 16-19) who had chosen to specialise in chemistry were 
still thinking event-specific like their much younger counterparts is a cause for concern; 
and all the more so as some of these students seemed set on pursuing science courses at 
the university and science-related careers in the world of work. 
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some possible reasons for the apparent failure of school science to teach scientific 
reasoning are discussed by Reif and Larkin (1991). Among these are the lack of 
understanding among students of the nature of science and its goals, and their tendency 
to transfer everyday goals and everyday ways of thinking into the domain of science. 
Because everyday thinking only requires adequate but not maxHrnal generality and 
consistency, they tended to view doing science as the same - not requiring maximal 
generality and consistency. 
Another reason is linked to the nature of students' knowledge suggested by di Sessa 
(1988): students' knowledge of scientific concepts and principles are often fragmented and 
incoherent. This also means that it is difficult for them to learn and remember. Thus, not 
surprisingly, they often recall inappropriate bits and pieces of knowledge and apply them 
to wrong contexts which result in inconsistencies. 
The findings both support the evidence reported by Song and Black (199 1) that 
performance is related to task content and, to some extent, answer Driver's (1989) 
question by indicating that alternative frameworks are genuinely 'theory-like' in that they 
are used with a high degree of consistency within the boundaries of what the students 
perceive to be common types of events (for example 77% of the students used a 
fiumework consistently to explain the overall energy change associated with the two 
flame reactions). The findings finther support the view of Clough and Driver (1986) "that 
tasks which seem similar to scientists may not appear that way to students". 
13.1.4 CATEGORISATION OF STUDENTFUNDERSTANDINGS 
In chapter 8a broad categorisation of the multitude of revealed ACs was presented and 
discussed (summary in 13.1 .1 above). This categorisation was purely 
in terms of the 
students' demonstrable understanding of the chemical issues presented to them. 
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This researcher had set out with a constructivist-generative view of learning. However, 
during this study, she has been increasingly aware of the possibility of linkage between 
domain specific understanding and cognitive developmental levels as suggested by Gabel 
(1989) and Monk (1990,1991). This linkage is suggested by a number of pointers, such 
as: 
The large proportion of students using perceptually dominated and/or single factor 
reasoning. 
Ihe difficulties experienced by students in addressing the concepts of the 
microscopic level. 
The difficulties with which students were addressing concepts of energetics. 
Thus, it is speculated that students' understandings could perhaps be viewed along the 
axes of the domain knowledge in chemistry and conceptual skills. Based on the limited 
breadth of this present study a first approximation suggests the following delineation of 
these axes: 
The chemistry domain axis (y-axis) is delineated in terms of increasing complexity of the 
domain knowledge and broadly in line with the AC categonsation presented in chapter 
8: 
naive chemistry 
the nature of chemical bonds 
energetics and entropy. 
The conceptual axis (x-axis) is delineated in tenns of the reasoning approaches identified 
268 
through this study, each unit of the axis representing progression towards the scientist's 
fiwnework: 
using bits and pieces of unconnected infonnation 
confusion between ideas and concepts 
theory-like ACs (alternative frameworks) 
scieritisfs framework 
it is speculated that progression is dependent upon acquiring both fieher domain 
knowledge of increasing complexity along the y-axis and more refmed conceptual skills 
along the x-axis. 
It is ftuther speculated that progression along the y-axis is dependent upon prior 
progression along the x-axis as each new cognitive or conceptual skill lays the fomdation 
for the integration of firther domain specific knowledge within the student's framework. 
Clearly, further detailed research is required to test the relationship and dependencies 
between domain specific knowledge and cognitive skills, to scale and metricate the x and 
y axes and thence to provide proposals for the development of curriculum and teaching 
approaches. 
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13-1.5 WHY CHEMISTRY LEARNING IS SO DIMCULT (INCLUDING 
SOURCIES AND CAUSES OF ACs) 
13.1.5.1 BASIC DIFFICULUES 
Ahnost everything within chemistry is based on an understanding of the microscopic 
world, the world of particles and their interaction, which cannot be experienced or felt or 
easily deduced from macroscopic phenomenon. This is in contrast to subjects like physics 
and biology where many of the topics are based on the macroscopic world and can be 
experienced and deduced from experience. The conceptual inexperienceable aspects of 
chemistry are especially difficult to leam in competition with perceptual thinking which 
is so much a part of everyday experience. 
In this researcher's view, one reason why there seems to be so much confusion in the 
students' minds about key ideas in chemistry such as bonds, atoms and so forth is that 
concepts and models in the teaching process tend to be represented as factual and final 
rather than as they are - scientific notions or explanatory constructs which are subject to 
revision. It seems as though insufficient emphasis is provided to learners of the conceptual 
and conjectural nature of many of the ideas presented to them. For example, if the 
conceptual and conjectural nature of particulate ideas of atoms, molecules and ions are 
not understood by students, then it is not surprising that many alternative conceptions 
arise, such as those related to the attribution of macroscopic properties to microscopic 
particles and events. 
Admittedly, the problems and challenges posed to the chemistry teachers in trying to carry 
learners forward from the macroscopic world of "as it is" to the microscopic world of 
concepts and conjecture are tremendous. For many teachers, it appears to be a challenge 
to have to present the microscopic world in terrns of "this is what we believe" instead of 
presenting the world "as it is". 
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The conceptual leap from the macroscopic to the microscopic is ftuther hindered by 
confusion in the use of words or terms which have a specific meaning in chemistry but 
rnay have a variety of meanings in other scientific disciplines, learning domains or 
everyday life. 
A number of difficulties arising from such basic factors were identified in the study: 
The term "burning' is used in the everyday sense in various ways, such as 
catching fire or the application of (excess) heat and these meanings were not 
differentiated from its specific meaning in chemistry. 
The terrn "reaction" is used differently in everyday life as well as in subjects like 
physics; and again its various meanings appeared not to be differentiated in the 
thinking of the students. 
In everyday experience, energy mput is needed to make things happen or to 
construct things - this leads to the view that heat is the causal agent of chemical 
change and the view that to make bonds, energy must be put in. The chemist's 
view is that bond making releases energy, increasing randomness (entropy) in the 
universe, and that it is the increase in entropy that is the reason why chemical 
reactions take place, which therefore seems completely contrary to the students' 
everyday perceptually dominated thinking and experience. 
Another ongin for the AC that bond making requires energy seemed to be been 
linked in some way to anthromopophic or analogical reasoning: chemical bonding 
was conceived as in human terms, which seemed to lead to the idea that energy 
is required to fbim bonds, while energy is released when bonds are broken. 
The concept of increase in entropy as the driving force of chemical change is 
particularly difficult, since it is associated in the students' minds with the concept 
of stability, which in the common sense view (derived from everyday experience) 
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seems to be related to order and not randomness. Here, the problem of everyday 
language and scientific meanings are probably involved as well. 
13.1.5.2 INCONSISTENCIES WITFUN CHENUSTRY AND BETWEEN 
SCIENCE SUBJECTS 
A number of researchers (Fensham. and Kass, 1988; Carr, 1987) have suggested that one 
of the reasons why students find science in general and chemistry in particular so difficult 
is the multitude of ways in which terms and definitions are used both within subject 
domains and across the sciences. This view has been upheld by this research. 
Tbree examples demonstrate the point: 
a) Students learn a number of apparently conflicting ideas about the concept of 
energy: 
In physics, energy is seen as "the capacity to do work" or being needed to make 
things happen; in biology, energy is associated with food stored in plants (or 
"energy-rich" substances); in chemistry, energy is associated with the breaking and 
making of chemical bonds. 
These different views appear to produce conflicts within students; for example, 
many students transfer the idea from physics that energy is required to make 
things and therefore formulate the concept that energy is required to make bonds; 
this is supported from biology lessons where they perceive energy that is stored 
as food in plants (or in "energy-rich" substances) as being analogous to the storage 
of energy in chemical bonds. 
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What was appropriate to explain phenomena in early chemistry instruction appears 
to have generated barriers to the learning of new, more complex ideas. 
For example: 
Students in their early chemistry instruction were taught the chemical equation 
Mg + 2HCl MgCl2 +H2 
and taught that Mg displaces H from HCI to giveMgC12 as the product. 
Wbilst the above continues to be an adequate representation at the macroscopic 
level, it does not reflect the microscopic process which is taught at A-level and 
is represented by the following chemical system: 
2HCI --> 2W + 2CI- 
Mg + 2W + 2C1- --> H2(g) + Mgý' + 2C1- 
In the study, many students could not abandon the view thaý in solution, the Mg 
combined directly with the Cl. 
C) Different representations of supposedly the same thing, eg redox reaction even 
within the subject. 
For example, in physical and inorganic chemistry, the redox. reaction (eg the event 
4 reaction) is defmed as involving the transfer of electrons from a reducing agent 
to an oxidising agent, as represented by a formulation of the t)W: 
Mg --> Mgý' + 2e; 2W + 2e ----> M. 
whereas in organic chemistry redox reaction is usually defined and notated 




Cl-b-CH20H -------- > CRCHO ------ "3COOH 
From the student's point of view, these are inconsistencies within the subject itself, 
which could result in the lack of appreciation of the need for generality and 
consistency in cheniistry and/or the drawing of artificial boundaries around event 
types in the studenfs mind. 
13.1.5.3 DISCREPANCIES BETWEEN SCHOOL SCIENCE AND 
ACTUAL SCIENCE (AND EVERYDAY LIFE) 
Reif and Larkin (1991) analysed the differences between everyday life and science in 
terms of the goals and the cognitive means used for goal attainment. They suggested that 
students' lack of awareness of these differences can lead to widespread difficulties in 
learning science. They analysed these difficulties in terms of students' erroneous 
conceptions of the goals of science; their transfer of goals and ways of thinking which 
are effective in the everyday life to the domain of science. These ways of thinking 
devised by students in dealing with everyday life are inappropriate to science. In addition, 
they highlighted the discrepancies between school science and actual science. They 
suggested that students' lack of awareness of these differences can lead to widespread 
difficulties in learning science. 
One example, quoted was that in everyday life, the goals are largely implicit and roughly 
relate to having a satisfactory life, various kinds of knowledge can be used as appropriate 
in different contexts without requinng great generality or needing global consistency. In 
contrast the goals of science pertains to attaining optimal prediction and explanation 
which means that there is a need for great generality and consistency, to ensure that a 
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small number of theoretical premises can lead to predictions about a multitude of 
phenomena. As pointed out by the researchers, "the central scientific goal of optimal 
prediction and explanation is a very ambitious extension of the more modest predictive 
and explanatory goals of everyday life". 
Not surprisingly, students tend to transfer everyday goals into science leaming, and they 
terid to view scientific knowledge predominantly as a valuable collection of facts and 
formulae rather than as a conceptual structure useful for making predictions. 
In addition science courses often do not foster the scientific goal of understanding, or may 
even pervert it. Many encourage and reward the reproduction of memorised knowledge, 
rather than the ability to make diverse inferences leading to scientific understanding. 
Furthermore, when dealing with time pressures imposed by school examinations and 
workloads, many students (indeed a number of the interviewees explicitly told the 
interviewer they had no time at A-levels to deal with concepts that they did not 
understand, hence, they resorted to memorising them) believe that they cope better by 
memorising facts rather than engaging in the longer, tedious reasoning processes needed 
for proper understanding of science concepts and principles. 
Another source of difficulties in learning chemistry/science is related to the discrepancy 
between school science and actual science, a point also made by Reif and Larkin (1991). 
To quote one example, in the context of school science, errors are perceived as sources 
of punishment and embarrassment, whereas in actual science, they are sources for 
progress. 
13.1.5.4 DISCONTTNLJITY BETWEEN CBENUSTRY LEARNED AT 
LOWER LEVELS AND AT A-LEVEL 
Besides the various sources of difficulties discussed above, another source of students' 
difficulties in learning A-level chemistry it seemed, according to this researcher, come 
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from the discontinuity in students' learning experience between lower level chemistry, 
including GCSE5 and A-level. Much of what students learn at the lower levels appeared 
inconsistent to what they leam at A-levels, and in fact as found in this study some 
students were told that what they had learned at GCSE was a "whole load of rubbish". 
The following are some examples: 
a. At lower levels, they learned that dissolving is a physical change. At the higher 
levels, some textbooks and teachers believe that it is a chemical change but some 
other text books and teachers still maintained that it is a physical change (The 
difficulty has been discussed in section 8.6. ) 
b. At lower levels, the ionic bond between sodiLun and chlorine is often represented 
in a manner which suggests a one to one correspondence (the "pseudo-molecular" 
presentation of the ionic bond, in the tenns of Taber, 1994). This appears to be 
fiifther reinforced in the use of formulae (such as 'NaCl') and chemical equations 
(such as NaCI+H2SO4= NaHS04+ HQ, without, it appeared, adequate emphasis 
of the mole concept. At A-level, it seemed they needed to unleam this or to leam 
that there is no one to one correspondence in ionic bonds; in other words, ionic 
bonds, unlike covalent bonds, extend in all directions (ie non-directional, whereas 
covalent bonds are directional) and that each sodium ion is bonded ionically not 
just to one chloride ion but to a large number of chloride ions at the same time, 
and likewise for the chloride ion. It was clear through the interviews that the 
majority of the students, had not unleam the concept of a one to one 
correspondence in ionic compounds. 
C. At lower levels, they learned (and write equations which show) that a metal like 
magnesium would displace hydrogen from dilute HCI and form magnesium 
chloride. But A-levels they were supposed to learn that, at the microscopic level, 
the chloride ions do not take part in the reaction at all, they are 'spectator ions'. 
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d. At lower levels they leamed about valency but at A-levels, they were told 
l1valencies, are banned" (to quote the words of one student); instead they were to 
use oxidation numbers. 
e. At lower levels they learnt that chemical reactions are irreversible, but at higher 
levels, they were told that in fact most chemical reactions are reversible and in 
theory all are reversible. 
Thus, it appeared that the issue of progression in chemistry learning - or the different 
levels of thinking and explanations which are necessary at each stage of lean-fing had not 
been well articulated, at least from the students' perspectives; which resulted in 
discontinuity (from the students' perspectives) in the students' chemistry education which 
could pose severe learning obstacles. 
13.2 REVIEW OF RESEARCH MEMODOLOGY 
On retrospection, there is no doubt in this researcher's mind that the choice of the 
interview method had been a good one. The method generated a wealth of insights into 
students' conceptions which would have been unavailable through, for example, pencil- 
paper techniques. 
It is this researchers view that the choice of a wide range of events and the open 
interview style have been fully vindicated by both the breadth and depth of infonmtion 
gathered, which would have been difficult to achieve with other approaches. In Particular, 
the wide range of events has provided insights into how these students perceive different 
chen&al events and fortnulate and apply their alternative fi-arneworks and conceptions. 
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This researcher challenges on two points the view of Monk (1994) that the interview- 
about-events is "too high-powered" a microscope. 
Firstly, while agreeing with Monk on the usefulness of surveys in providing patterns of 
cognitive processing at the macroscopic level, it needs to be pointed out that in education, 
we are dealing with individuals - each of whom is unique, with unique world views and 
ways of conceptualising, which could only be accessed by personal, individual "high 
powered" interview method and not impersonal surveys and questionnaires. 
Secondly, the analogy can be drawn between the use of 'open! and 'closed questions in 
any form of information collection. The interview-about-events is very much the lopen' 
form of questioning, enabling the respondent the greatest freedom to express views 
without artificial constraints - thus providing the opportunity to garner the widest 
understanding. The pencil-paper questionnaire, on the other hand, is a comparatively 
'closed form of questioning - which could be used to seek clarification of detail once 
overview understanding has been achieved. 
In this researcher's view therefore, the interview method when used with sensitivity and 
expertise, will be one of the most basic and important methods of deriving understandings 
about students' conceptions and progression. For specific tasks or concept areas, it could 
perhaps be combined with other paper-pencil techniques such as questionnaire surveys, 
word association, concept mapping or semantic networks, and might prove to be even 
more effective and useful. 
The major challenge for the future is to be able to develop the technique for use in a wide 
variety of science education environments in line with the specific objectives of particular 
research programmes. For example, in order to metricate the progression model postulated 
in section 13.1.4 will require the revision of the interview schedule in order to gain 
ftuther insights into the relationship between conceptions and cognitive or conceptual 
skills. 
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13.3 SIGNIFICANCE OF TVE FINDINGS AND IWUCATIONS FOR SCIENCE 
EDUCATION 
Tbs study had succeeded in developing a wealth of new insights regarding the nature of 
A-level students' difficulties and problems in understanding the concept of chemical 
reaction as well as in learning chemistry in general. 
The study has revealed that students who have achieved good grades at GCSE and who 
had chosen to specialise in chemistry were still using naive ideas and reasoning and did 
not seem to have acquired a deep understanding or the use of scientific reasoning and 
explanations. It has shown how many of the various ACs found in younger students, even 
those who have had little exposure to fort-nal chemistry, are also found in older students 
who have had much more exposure to formal chemistry. It shows that science/chemistry 
instruction, despite having access to much research material on the subject, appears to be 
having little impact in addressing students' deep-rooted ACs. 
It also explored the various reasons for these students' difficulties with understanding 
chemistry and using scientific reasoning, among which are the apparent discontinuity 
experienced by students between the lower levels, up to GCSE, and A-levels; and the fact 
that school science differs from actual science and the everyday life. 
There are two particular insights gained from the study which require Rifther rigorous 
investigation because of their potential impact on science education. In both cases, the 
insights, which are founded on the empirical evidence gleaned, support commonly held 
anecdotal views. 
Firstly, there is clear empirical evidence that students who had studied chemistry as a 
separate/single science subject at GCSE performed better against a number of the 
measures used in this study. For example, these students (ie those who studied chemistry 
as a single subject at GCSE) scored significantly higher on the KE measures at both 
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upper and lower sixth forms. More significant is the finding that students who had taken 
coordinated science (ie double certificate in science at GCSE) held significantly more 
alternative conceptions (and in particular those associated with naive chemistry) at both 
lower and upper sixth forms than their single chemistry countetparts. These results 
suggest that coordinated science is a less adequate platform for the rigour and depth of 
A-level chemistry studY. 
Secondly, the finding that many students were able to simultaneously hold scientific (or 
"science-like" frameworks) and alternative frameworks suggests that students may be rote- 
compartmentalising infonnation solely for the purpose of passing public examinations; 
and that the public examinations are not testing students' deep understandings. Indeed, 
some students volunteered that they simply memorised. difficult information and formulae 
that they were unable to fully comprehend simply to get themselves through the 
examination; time did not pen-nit the luxury of gaining a more in-depth understanding. 
The major underlying concerns for chemistry education from these findings are: 
a) The lack of ability to use generalised explanations across a multiplicity of events 
and the "anything goes" thinking about chemical reactions. This lack of scientific 
reasoning suggests a matching lack of appreciation of what science learning and 
practice is about, and indeed a lack of understanding of the goals of science itself, 
a somewhat surprising finding from specialist science students. 
b) The lack of a coherent understanding of the process issues of chemical reaction 
particularly with respect to understanding of the whole area of area of chemical 
bonds and chemical energetics despite the emphasis on both topics within the 
curricula and classroom practice. There is a clear and urgent need to address the 
problem. 
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C) The very shallow understanding that students have of the driving force of 
chemical reaction especially with respect to the concept of entropy. it is this 
researcher's view that this topic is largely being glossed over in A-level courses 
and leaving students with little formal basis for understanding why chemical 
reactions should take place at all. Whilst entropy is recognised to be a difficult 
concept to integrate into existing frameworks, it is this researchers fmnly held 
conviction that the understanding of driving force is key to a predictive view of 
chemistry without which chemistry can appear to be little more than modein-day 
alchemy. 
Some issues facing chemistry education which are highlighted by this study are at the 
heart of the debate between the "Altemative Conception (AC) Movement" and the 
"Cognitive Developmentalist" position: 
At what age should students be taught various chemistry concepts such as the 
particulate model (including various kinds of particles and their chemical 
interaction to form new kinds of particles) - which is the fundamental basis of 
chemistry learning? The various confusions associated with aspects of particles 
and their chemical interaction prevailing among the A-level students raise 
questions about the effectiveness of their past learning, and perhaps, teaching as 
well. 
Is there a limit to students' ability to understand such concepts as suggested by 
Monk (1990,199 1) and Adey (1992) working from a Cogaitive-Developmentalist 
fi-amework? 
Can students be taught to construct concepts which are more in line with 
scientists, frameworks, without at the same time having their cognitive processing 
capacities raised? 
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As discussed by Adey (1992), both the views of the AC Movement and the Cognitive 
Developmentalist Position on learning and development need to be taken into 
consideration. This researcher therefore proposes a programme of research to identify the 
nature and extent of any causal relationship between students' cognitive development and 
their ability to assimilate the advanced chemistry concepts related to the particulate 
model, and the energetics of chemical reaction. Effectively, the objective of such a 
prograrnme should be to rigorously test Monks (1990,1991) suggestions of a good fit 
between the quality of students' conceptualisations and their cognitive developmental 
levels, and should test this researchers suggested model as articulated in section 13.1.4. 
above. 
13.4 AREAS FOR FURTIHER STUDY 
Also was identified from the literature review, there has been precious little research to date 
in this area of A-level students understanding of chemical reactions and this study has 
only been able to scratch the surface. However, sufficient insights have been generated 
to enable a number of lines of further study to be proposed. These are presented below 
in no particular order of significance or priority. 
1) There is a need for more empirical research to validate this researcher's fmdings 
that suggest GCSE coordinated science is a less appropriate platfonn for the 
rigours of A-level study. 
2) There is a need to establish the nature and extent of any causal relationship 
between students cognitive development and their ability to acquire domain 
specific knowledge. A proposed study programme would involve mapping the 
students' stage of cognitive development (to be determined by using tests such as 
those developed by Wylam and Shayer, 1980) onto the nature or quality of 
conceptualisations, pre- and post-instruction, to examine the linkage between 
conceptual development/change and cognitive developmental stage. If indeed a 
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definýite linkage between conceptual development/change and cognitive 
developmental stage was established, then it would suggest tha future research 
should include intervention progmmmes, such as CASE (Cognitive Acceleration 
through Science Education) (Adey and Shayer, 1990) for these students. 
3) In the light of the rather tentative findings related to gender effect (see section 4.3, 
chapter 4) and school effect (see chapter 11), filure studies could examine these 
two effects and their interaction on students' conceptions in this area. 
4) The dominance of alternative conceptions (ACs) associated with bonds and 
bonding and driving force identified in significant numbers of students across 
schools in this study seemed to point to some weakness in the teaching context. 
In the light of a number of studies in the literature which showed that teachers or 
university graduates also hold ACs about various aspects of science/chemistry, one 
area of ftuther research would be to conduct a similar study involving teachers as 
well as their students, to examine if there is any significant correlation between 
students' understandings and ACs and those of their teachers. 
5) Another area for finther study is a comparison study with parallel data derived 
from Singapore samples; in which case, the data and findings together with the 
analytical model (developed in terms of the various key elements, KEs expected 
in a scientific response) derived in the present study would also be further re- 
examined, in the light of new data collected from A-level chemistry students in 
Singapore, who follow the same syllabus as students in school C, i. e., the 
Cambridge Syllabus 9250. Perhaps future studies could look into how different 
educational culture and environment affect students' understanding in this essential 
conceptual area in chemistry. In relation to this, perhaps the understandings and 
ACs of teachers and students from different countries and educational cultures 
could be investigated to examine how they compare and contrast with each other. 
For example, comparative data could be obtained by using the same interview 
schedule and technique to interview teachers and students from U. S., Asia, 
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Australia and continental Europe. Any significance difference in the findings 
should point to contributory factors present in a particular environment or 
educational culture and could benefit and inform. chemistry/science curriculum 
plmning at the intemational level. 
6) While this study had been useful in tenns of providing some interesting data on 
different type of schools through the inclusion of a fairly large sample which span 
five schools, it is felt that ftuther study which involved more intensive and closer 
monitoring of the development in students' understandings over time (i. e., with 
increasing exposure to formal chemistry instruction) would provide additional 
information on how individual students learn or make progress on specific 
concepts and topics. 
7) From this study, perhaps Riture studies should map students' conceptual 
trajectories (Driver, 1989) using similar research technique but involving a smaller 
number of students who should be randomly chosen. Their conceptualisations on 
specific concepts or topics should be examined at more frequent intervals and over 
a longer period of time. These students should be interviewed, using essentially 
the same interview format each time, perhaps once a half-term, instead once a 
year (as in this study), over the two sixth form years (instead of over one year). 
Perhaps only one event should be used at each interview, to ensure that there 
would be in-depth probing and ample time for students to articulate their 
understandings. Also perhaps the event used at each interview should be different 
each time, so that while the contexts appear to be different, essentially the same 
underlying concepts in terms of identified key elements (KEs) are being 
investigated. 
Where progression in understanding or where ACs are abandoned or revealed, the 
student could then be prompted and encouraged to reflect on the factors and 
"ectones of change. The infonnation thus gained would then throw light on how 
students learn or mislearn, and on possible answers to questions which are 
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perennial concerns of educators and educationalists. Such longitudinal studies 
should also prove useful in helping to determine which prerequisite concepts 
students should acquire in order to build on their prior knowledge base. It should 
yield useful information not only on what concepts to teach, but also the order or 
sequence in which concepts should be developed for optimum understanding. 
8) In a similar vein, a longitudinal study with more frequent interviews could be 
deployed to test how new ACs are generated and discarded as students move, in 
the analogy of Black and Simon (1992), over the bridge from the students, country 
to the scientists' country. Such a study could address issues of persistence as well 
as transience in alternative frameworks. 
9) This study has only explored progression in a very limited way; having used the 
interview method to collect essentially two snapshot views of the conceptions of 
a cohort of 48 students; with the snapshots separated by a period of about one 
school year. Future studies to document students' progression in conceptualising 
chemical reactions, however, could involve larger cohorts of students in extended 
longitudinal studies, where a mixed of various data collection techniques, such as 
combination of written tests and interviews, could be used. The use of 
complementary written tests and interview methods would mean that there could 
be breadth as well as depth of coverage on students' ideas. 
10) A secondary objective of this study had been to measure students' lean-ling 
motives and approaches and to attempt to correlate these approaches to the levels 
of understanding as measured in terms of KEs. Whilst some work was carried out, 
the initial results were inconclusive and lack of time prevented further 
investigation. This researcher feels that there is much potential for science 
education in gaining a clearer understanding of students' motives and approaches 
and their relationship to understanding and academic performance. 
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13.5 CONCLUDING RENIARKS 
This study has provided invaluable insights into the understanding of the ftmdamental 
processes of chemical reaction among A-level students, many of them aspiring to progress 
into higher education or into science related careers. 
The study has shown that, contrary to what might have been expected (or hoped), such 
students have not only a relatively low level of understanding about the nature of this 
core aspect of the study of chemistry but also fail to seek the scientists' view of a 
generalised model to explain a multiplicity of events. 
The study has identified some specific areas for further investigation both in the short 
term to validate initial findings and in the longer term to provide a better understanding 
of the needs for science (and in particular, chemistry) education. 
At one level, it could be viewed that these older students represent but a contmuation of 
the spectrum of alternative frameworks discussed in earlier research based on 
comparatively younger age ranges. On the other, one has to pose the question of cognitive 
ability being the limiting factor to understanding. VVhilst the balance between the two 
views remains open, this researcher has shifted from a being a'constructivist-generativist' 
to being a 'conservative constructivist' through to duration of the study. It seems to this 
researcher that Whilst learning can be accelerated within the context of a dynamic and 
developing framework the individual's level of cognitive development could represent a 
barrier (which is not immovable) to the full and useful integration of advanced concepts 
into existing frameworks. Further research is clearly called for, if we, as science educators 




SOME COMPARATIVE DATA ON TIHE STUDY SClKX)LS 
To provide some idea of how the schools compare in terrns of public examinations results 
and absentee rates, the following Table 3.2 sets put some figures which were extracted 
from the Daily Telegraph 24 November 1993. 
TABLE A. I 
COMPARATIVE DATA ON PUBLIC EXAMINATION RESULT'S AND ABSENTEE RATES OF 
STUDY SCHOOLS 
School % with ý5 GCSEs 
grades A-C 
Average points score of 
students entered ý2 A/AS 
% students absent without 
leave>_1 half days in year 
C 83 11.6 14 
E 46 17.7 4 
P 100 20.5 1 
R not available 13.4 (768 candidates) not available 
S 
I not available 
12.6 (193 candidates) not available 
According to the Daily Telegraph 24 November 1993, the highest score achieved among 
the sixth form and education colleges was an average score of 21.4 (which meant that 
school P's results were almost on a par with the top sixth fon-n college), and the average 
score of all A-level candidates was 14.7. 
The following table Table 3.3 sets out the A-level Examination Syllabuses which were 
followed by students in the five schools. 
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TABLE A. 2 
A-LEVEL EXANRNATION SYLLABUSES AND CIIENUSTRY 
CURRICULUM TINE 
School Examination Curriculum Time (information from teachers 
Syllabus concerned) 
C Cambridge U. 5 one-hr periods per week, of which two are double 
Syllabus 9250 for practical work and for extensive tutorial work 
E Nuffield 8 periods a week, with integrated practical and theory 
Chemistry lessons, each period 35-40minutes 
P London U. 5 theory and 3 practical lessons a week, each period 
Syllabus 9080 35-45 minutes 
R Nuffield 5 one-hour periods a week, with integrated practical 
Chemistry and theory lessons 
London U. 3 double periods, i. e., 6 periods a week, each 45-50 
Syllabus 9080 minutes, with integrated practical and theory lessons 
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APPENDIX B 
TW ENIMRVIIEW SCHEME 
Events to be used as foci for discussion: 
I. hot copper in air 
2. burning candle 
3. bunsen flatne 
4. magnesiwn-dilute HCI interaction 
(4b: copper-dilute HCI interaction) 
5. aqueous sodiwn chloride-aqueous lead nitrate interaction 
(5b: aqueous copper sulphate-aqueous soditun chloride interaction). 
As- to be focused on: 
A. prediction of type of change (i. e., reactants and products); 
B. prediction of overall energy change (i. e. exothennic or endothennic); 
C. how the change happened (i. e., how the change process is conceived); 
D. why the change happened (i. e., driving force of change). 
While the general coverage in all events is the same, being focused on the 4 aspects 
A to D, there are some minor variations in the form of questions across events, which 
can be seen in the following detailed scheme. Also for events 4 and 5, where time 
permits, parallel events (i. e., 4b and 5b) and questions (such as "What if. water was 
absent... ") were used to provide another avenue for eliciting students' ideas on related 
issues, as well as to provide for consistency checks in the students' responses. 
Event 1: hot copper in air 
A. 
"This is a piece of copper foil. What do you predict would happen if it is put in a 
very hot bunsen flarne? " 
If a chernical change is predicted: "What do you think are the reactants involved? And 
what products? " 
"On what basis have you made your prediction? " 
If a chernical change is not predictecL go on to the subsequent events, till after event 
5 has been covered, then return to perform the expenment for the student. When sýhe 
observed that a chemical change has occurred, then Proceed with subsequent aspects 
B to D. lbroughout all the other events, this sarne practice was followed. 
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B. 
"What do you predict is the overall energy change involved? Explain your answer in 
tMw of the processes which you think are taking place at the microscopic level. " 
C. 
,, How do you imagine the change taking place at the microscopic level? Give as 
detailed an account as possible, how you imagine the change taking place. " 
if the interviewee still has difficulty answering: "Suppose we have with us now a 
special machine which enables us to 'see' the tiniest of particles and suppose we are 
now looking at the change as it is occurring. Describe what you imagine you would 
see, i. e., give a step-by-step account of what you think you would 'see'. " 
D. 
"What do you think is the driving force of the change? " ("Why do you think the 
change took place? ") 
Event 2: buming candle 
A. 
"Do you think there are chemical reactions taking place in the flame? " 
If answer is Tes': "What do you think are the reactants involved? What are the 
products? " 
B. 
"What do you think is the overall energy change involved? Explain your answer in 
ternis of the processes which you think are taking place at the microscopic level. " 
C. 
"How do you imagine the reaction(s) taking place? " 
D. 
"What do you think is the driving force for the reaction(s)? " 
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Event 3: bunsen flwm 
A. 
"Do you think there are chemical reactions taking place in the flame?, t 
if answer is Tes': "What do you think are the reactants involved? What are the 
products? " 
B. 
"What do you think is the overall energy change involved? Explain your answer in 
temis of the processes which you think are taking place at the microscopic level. " 
C. 
"How do you imagine the reaction(s) is taking place? " 
D. 
"What do you think is the driving force for the reaction(s)? " 
Event 4: magnesiuni--dilute HCI interxtion 
A. 
"Here is a piece of magnesiwn ribbon. What do you predict will happen if it is 
dropped into this beaker of dilute hydrochloric acid solution? " 
If a chemical change is predicted: "What do you think are the reactants involved? And 
what products? What form, (physical state) do the products take? " 
"On what basis have you made your prediction? " 
B. 
"What do you predict is the overall energy change involved? Explain your answer in 
temis of the processes which you think are taking place at the microscopic level. " 
(part 
"How do you imagine the change taking place at the microscopic level? " 
D. 
"What do you think is the driving force for the change? " 
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C (part 2) 
"If no water is present, i. e., magnesium ribbon is added to a gas jar containing pure 
hydrogen chloride, which is a gas, what do you predict will happen9l' 
,, What do you think is the part played by water? " 
(The ideas elicited here supplements those elicited under aspect C (pait 1), how the 
process of change is imagined; and is used as a parallel item to cross-check the 
consistency of ideas. ) 
Event 4b: copper-dilute HO interaction 
(This event is to be discussed only after event 5 had been discussed, i. e., only if there 
is sufficient time leftover. Again the ideas elicited here supplements those elicited in 
event 4. ) 
A. 
"What do you predict will happen if copper, instead of magnesium, is added to dilute 
HCI solution? " 
If a chemical reaction is predicted: "What are the reactants involved? What are the 
products? " 
If no chemical reaction is predicted: "Give reasons for your answer. " 
Event 5: aqueous sodium chlofide-aqueous lead nitrate interaction 
A. 
"What do you predict will happen if this lead nitrate solution is added to this beaker 
of sodiwn chloride solution? " 
If a chemical change is predicted: "What do you think are the reactants involved? And 
what products? What form (physical state) do the products take? On what basis have 
You made your prediction? " 
If a chemical change is not predicted, perform the experiment for the student. When 
S/he observes that a chemical change has occurred, then proceed with the following 
asýpects B to D. 
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B. 
,, What do you predict is the overall energy change involved? Explain your answer in 
terms of the processes which you think are taking place at the raicroscopic level. " 
C (part 1) 
,, How do you imagine the change taking place at the microscopic level? " 
(Where the student has difficulty imagining the initial state of the reactants, depending 
on the time available, the interviewer, presented them with some solid NaCl, asked 
them to make a drawing showing its microscopic structure, and asked them to make 
a second drawing showing the result of dissolving it in water. ) 
D. 
"What do you think is the driving force for the change? " 
C (part 2) 
"If no water is present, i. e., fmely powdered lead nitrate is mixed with finely 
powdered sodium chloride, what do you predict will happen? " 
"What do you think is the part played by water? " 
(The ideas elicited here supplements those elicited under aspect C (part 1), how the 
process of change is imagined; and is used as a parallel item to cross-check the 
consistency of ideas. ) 
Event 5b: aqueous sodium c1dofide-aqueous copper sulphate interaction 
(This event is to be discussed only after event 5 had been discussed, i. e., only if there 
is sufficient time leftover. Again the ideas elicited here supplements those elicited in 
event 5. ) 
"What do you predict would happen if I repeat the experiment, using copper sulphate 
solution instead of lead nitrate solution? " 
If a chetnical. reaction is predicted: "What are reactants? What are products? What 
fonns would products take? What is the driving force for the change? " 
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APPENDIX C 
KEY El AIMFS IN THE EXPECrED RESPONSES 
IN EACH OF THE ASPECrS A-D 
This appendix defines the key elements (KEs) in the expected response under each aspect 
A-D and each event 1-5. 
A: Prediction about t)W of change 
B: Prediction about overall energy change 
C: Process imagined through the special machine 
D: Driving force of the change 
For each aspect, based on a scientist's interpretation of syllabus coverage at A-level and 
discussion with some of the teachers concerned (some of the teachers in the five schools 
were more friendly and open than others), key elements (KEs) in the responses are 
defined. Each response is then coded according to whether the defined key elements are 
included. For every key element included, '1 KE or 'one key element' is assigned. Where 
a significant part of the key element is included, 'O. 5KE or 'half a key element' is 
assigned. 
ASPECr A 
The expected responses revolve around knowing that a chemical change is involved, and 
being able to identify the reactants and products involved. For events I to 3, students are 
expected to know that oxygen in air, which is invisible, is one of the reactants involved 
in the chemical changes. 
The key elements in the expected response for each event vary slightly, since the amount 
of information given to interviewees vary slightly according to events. 
For example, in event I 'hot copper in air, the response to aspect A was elicited by the 
trigger question, "What do you predict would happen if this piece of copper metal is put 
in a very, very hot bunsen flame? " Here a response such as "heated copper would react 
with oxygen in hot air/oxidise to produce a deposit/layer/coating of black copper oxide" 
is regarded as indicative of sound understanding at A-level. The key elements in the 
expected response are: 
1. besides copper, oxygen is the other reactant 
2. the main product is copper(H)oxide 
WhIe attempting to maintain consistency in the categorisation of the same aspect across 
the 5 events, it is recognised that in some cases this is not entirely possible. For example 
in event 4 (also in event 5) under aspect A, the 2 reactants involved, magnesium ribbon 
and aqueous HCI (event 5: aqueous lead nitrate and aqueous sodium chloride) are given 
in the trigger questions. In these 2 cases, identification of reactants are not considered as 
key elements in the expected responses. For example, a response which is indicative of 
294 
sound understanding to the trigger questior-4 "What do You Predict would happen if a piece 
of niagnesium ribbon is added to dilute HCIT at this level is probably along these lines: 
,, Magnesium would react with the acid producing a Solution of MgC12 and H29as would 
be given off'. Here since the 2 reactants involved are given, they are not expected to be 
included in the students' responses. Thus while the identification of reactants involved are 
relevant and necessary in events 1,2 and 3 since these are not given or obvious, the same 
is not necessary in events 4 and 5. Instead for these 2 latter events, the physical states or 
forrns, of the products are relevant and important. For example, if the physical states of 
the 2 reactants in event 5 are both given as aqueous solutions, then it can be inferred that 
a sound understanding of the precipitation reaction involved is lacking. Similarly, in event 
4, a lack of sound understanding can also be inferred if the physical state of magnesium 
chloride is given as an insoluble solid. Thus the physical states of products are included 
as key elements in the expected response of the latter 2 events but not the first 3. 
Where appropriate, if only part of a key element is included, then a fraction such as half 
or 0.5 of a key element is counted. 
Aspect B 
Pwdiction on overall energy change, includes essentially 3 key elements: 
Heat is released when new bonds/structure are made [Type of bonds, whether ionic 
or covalent are included under aspect C, and hence not expected here. However, 
where type of bond is given under this Aspect ie B, the infort-nation is coded under 
Aspect C. Where some but not all, the different bonds made were mentioned, 
0.5KE is assigned. ] 
2. Heat is taken in to break existing bonds/structure [Again the t)W of bonds broken 
are not expected. Instead, only the identification of which bonds are broken is 
sufficient. ] 
3. Relative strengths of bonds and structure made and broken which dictate the 
overall energy change ie direction of energy change, whether exothennic or 
endothennic. 
ASPECr C 
Process imagined "through the special machine", includes essentially 4 key elements: 
L Identifying microscopic particles involved, and their collisions Ff reacting particles 
are identified without mentioning collisions between them, 0.5KE is assigned. If 
collisions between particles are mentioned but Particles are either not specified or 
incorrectly identified, 0.5KE is assigned. ] 
2. Breaking of bonds Rf this is only considered in one reactant, 0.5KE is assigned. ] 
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Making of bonds [Here týW of bond, whether ionic ie involving electron transfer 
or covalent ie involving electron sharing should be included. 0.5KE is assigned 
when not all bonds made are mentioned or when type of bond is not mentioned. ] 
Nature of new structure [whether giant or simple structures should be made clear 
either in words or drawings. ] 
ASPECr D 
The driving force of the chemical change: All chemical reactions are manifestations of the 
tendency toward maximum total entropy or toward increased dispersal of matter and 
energy in the system as well as its surroundings. Reactions occur through a combination 
of kinetic and thermodynamic factors ie they involved both thermodynamically and 
kinetically favourable conditions. Carbon in the presence of oxygen is thermodynamically 
unstable with respect to the compound carbon dioxide because the enthalpy content of the 
latter is much lower compared to the sum of enthalpies of C and oxygen. Yet at ordinary 
conditions, the chemical reaction between C and oxygen does not take place because of 
the high energy barrier or activation energy required for reaction ie the reaction does not 
take place because of unfavourable kinetic conditions. On the other hand if heat is applied 
to overcome the energy barrier, then the reaction becomes both kinetically and 
thermodynamically feasible, and a reaction takes place. Thus there are essentially 2 key 
elements in the expected response, the kinetic and the thermodynamic factors: 
1. The tendency towards kinetic stability 
2. The tendency towards thermodynamic stability 
In the remainder of this appendix is given the required answers for all aspects in each of 
the five events. Each event/aspect is coded as follows: the code on the left hand side, 
comprising a number from I to 5 and a letter from A to D indicates the Event and Aspect 
referred to. Eg I A! refers to Event 1, Aspect A; '4C' refers to Event 4, Aspect C. Key 
words or phrases in the expected response are underlined. 
IA: 
2 key elements 
KE I CoDDer oxidises, or reacts with mon- in air: if only Cu or 02is MentiOn4 then 
0. ýkE is assigned 
KE2. main product is CuQ: no penalty for wrong fonnula of the oxide 
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IB: 
3 key elements 
YJE 1. new ionic bonds/lattice structure in o= oxide are made, which is accompanied 
by release o [The type of bcýýd made is not expected to be mentioned. 
Any information given here about the type of bond made whether ionic or covalent 
is analysed as part of the response under Aspect C. If bond making is mentioned 
and direction of energy change is incorrect ie bond making is associated with 
energy absorbed instead of energy released then 0-5KE is assigned. ] 
KE2. bonds in reactants, o= metal and in Qa gen , are bro which 
energy Ff bond breaking is mentioned only in one reactant and/or if bond 
breaking is thought to be exothermic, then 0.5KE instead of 1KE is assigned. ] 
A there KE3. because the bonds/structure made are stron than bonds/structure broke 
is net energy given off ie there is more energy given off during bond/structure 
making than is taken in for bond breaking. 
Since copper oxide is essentially an ionic compound, the response should mention the 
contribution of lattice energy of copper oxide to the overall exothermicity. Where only 
the new bond made but not lattice energy is mentioned, '0.5KE instead of 'IKE' is scored. 
IC: 
4 key elements 
KEI. collisions between reacting particles, Qa%in molecules/atoms and atoms 
KE2. bond/structure breaking in 0=0 and in =per metal 
Ff bond/structure breaking is mentioned in only one reactant, then 0.5KE is 
assigned. ] 
[Responses which included explanation to the effect that bond breaking is the 
result of fruitful collisions and the attainment of activation energy to overcome the 
energy barrier would indicate a deeper understanding] 
KE3. forming of ionic bond or transfer of electrons from 0= atoms to o2wgen 
molecules/atoms resulting in the formation of Ce, rupture of 0=0 bond and 0' 
no reasons need to be given as to why the electron transfer should be from 
copper to oxygen. 
Pt is considered not necessary to mention the exact number of electrons transfered; 
also responses that did not mention of the formula for copper oxide or included 
the wrong fon-nula for copper oxide are regarded as acceptable. However, where 
there is no mention of electron transfer or where electrons are thought to be 
transfered from oxygen to copper, then OKE is assigned. ] 
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Kip" electrostatic attraction between Q=sitely charged ions resulting in some fonnation 
of lattice structure on the surfacý- of the metallic structure. 
Rf attraction between copper and oxygen ions were mentioned but not the 
formation of lattice structure, then it is deemed as incomplete and is assigned 
0.5KE instead of IKE. If the nature of the attraction is not mentioned or wrongly 
conceived such as magnetic forces, but the term lattice structure is mentioned then 
0.5KE is assigned. ] 
[More in depth discussion could include mention of polarisation, such as as CL? + 
ion moves closer to the U- anion, it begins to distort the latter's electron 
distribution, and the Ce ion is beginning to recover a significant share of its lost 
electrons. At this stage the ionic bond takes on some of the character of a covalent 
bond. '] 
1-5D [the same across all 5 events]: 
2 key elements 
KEIL Availability of energy to overcome the energy barrier or activation energy. 
[Where activation energy is not mentioned, ie only heat supplied is mentioned 
without any elaboration, then OKE is counted. ] 
KE2. Increase in the total entropy of the system and its surroundings or decrease in 
enthalpy of the system 
[Responses which mentioned becoming more stable without mentioning either 
decrease in enthalpy or increase in entropy are considered as including only a part 
of a key element and are counted as 0.5KE instead of IKE. Responses which 
mentioned changing from reactive to less substances without mentioning 
enthalpy/entropy changes are counted as OKE] 
2A: 
2 key elements 
M. Wax is burned, oxidised or reacted with oLcyggn Ff wax is considered as not 
involved in chemical change, but wick and oxygen are, then 0.5KE is counted. If 
both oxygen and wax are thought not to be involved OKE is assigned. Similarly 
in responses which mentioned both wax and wick as not involved in chemical 
change but oxygen is involved OKE is counted] 
KE2. Main products are soot or odhana, CQ2 and -H-120. 
Ff only one of the products is 
identified, then 0.3KE is comted. ] 
[Responses which mentioned carbon dioxide, carbon monoxide, water and 
hydrogen as products are counted as including 2KEs and IAC ie AC A3c]. 
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'110: AW 
3 key elements 
V-Cl. l%j_j New bonds C=O and H-0 bonds are made which is accompanied by release of 
energy 
Ff bond making is mentioned in only one reactant, 0.5KE is counted. If the 
direction of energy change is misconceived 0.5KE is counted. ] 
KE2. Existing bonds in wax and oxygen are broken ie C-C and C-H bonds in wax 
which is essentially a paraffin, and 0=0 bond in 02, which requires, energy input 
Rf bond breaking in only one reactant is mentioned, then 0.5KE instead of IKE 
is counted. Again if the direction of energy change is misconceived, 0.5KE is 
counted. ] 
Because bonds made are stronger than bonds brokeM there is net energy given off 
ie more energy is given off In bond making than absorbed in bond 
2C: 
4 key elements 
KEI. collisions between reacting particles ie wax and oxygen molecules/atoms 
KE2. bond breaking in oxyg n and wax molecules (as a result of fruitful collisions and g- 
the availability of activation energy. ) 
Ff bond breaking is considered to occur only in one reactant and not both, ie 
either in wax or in oxygen but not in both, then 0.5KE instead of IKE is counted. 
Responses which showed awareness that bond breaking is neither complete nor 
extensive, ie some C-C bonds are not broken, resulting in carbon or soot and other 
smaller hydrocarbons as possible products are indicative of greater understanding] 
KE3. Bond making, mainly C=O and H-0 bonds 
KE4. Discrete molecules of C02and H20 are formed 
3A: 
2 key elements 
KE 1. C114 is oxidised ie 
02 is involved in chemical interaction. [NO credit is given for 
naming methane as a reactant since this, including its chemical formula is given. ] 
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KE2. Main products are C02 and H20 
[Responses which mentioned carbon dioxide, carbon monoxide, water and 
hydrogen as products are counted as including 2KEs and IAC ie AC A3c]. 
3B: 
key elements 
KEI. New C=Q and H-0 bonds made which is accompanied by release of energy 
KE2. Existing bonds in CK ie 4 C-H bonds and 0=0 bonds broken which requires 
energy input 
VE Because bonds made are stronger than bonds broken more energy is given out in 
bond making than absorbed m bond bre 
30 
4 key elements 
KEI. Collisions between reacting particles, M and molecules 
KE2. Bond breaking or splitting in oxygen and methane molecules (as a result of the 
collision and the activation energy provided by the bunsen flame) 
11 
KE3. Bond making, C=O and O-H bonds 
KE4. Discrete molecules of CQ2md H20 are fonned 
[Responses which mentioned that incomplete combustion where there is limited 
supply of oxygen result in mainly soot and water vapour instead of C02and H20 
indicate a deeper level of understanding; but no additional KEs are counted. ] 
4A: 
2 key elements 
KLEU I- Nbgnesium chloride and hydrogen gas are formed 
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KE2- M9Cl2 'S soluble, aqueous 
Rn a number of cases where after predicting that aqueous magnesium chloride and hydrogen gas would be formed, the student went on to discuss and suggest (in 
their response aspect Q, that the hydrogen released would react with oxygen from 
the air and so forth (see Appendix D; also case 1, chapter 12), 2KEs are still 
counted. The only difference is that ACs are counted as well. ) 
4B: 
3 key elements 
KEI. Formation of H-H bonds and ion-solvent bonds between Me and water 
molecules, both processes resulting in energy being released 
KE2. Existing bonds in Mg metal as well as ion-solvent bonds between W and water 
molecules must be broken which requires energy input. 
KE3. Because stronger bonds are made than broken more energy is given out in bond 
making than absorbed in bond breaking 
40 
4 key elements 
KE I- Collision between reactant particles ie hydrated W ions and Mg atoms 
KE2. 
lBond 
breaking within metallic structure and -hydrated 
W ions 
KE3. Electron transfer between Mg and W ie Mg -> Me + 2e; 2W + 2e -> H2 
KE4. Fonnation of H-H and ion-solvent bond between Me and water molecules 
5A: 
2 key elements 
KE I- Name the 2 products forined correctly ie lead chloride and sodium nitrate 




3 key elements 
KEI. New bonds/structure within PbCl are made which is accompanied by release of 
energy, lattice energy 
KE2. Existing ion-solvent bonds between Pb2' ions and HO molecules. also between Cl- 
ions and water molecules must be broken which reouires energy in ut 
KE3. Because bonds/structure made are strong than bonds broken more energy is 
given out in bond making than absorbed in bond 
5C: 
4 key elements 
KEI. Reactant substances are dissociated into free ions in solution ie ionic bonds have 
been more or less broken by the solvation effect of water 
KE2. Fruitful collisions between -hydrated 
Pb' and hydrated Cl- ions result in 
bond/structure fonning 
Vic 
KE3. breaking of ion-solvent bonds within hydrated Pb' and Cl- ions either before or 
during the reaction 
KE4. fortnation of crvstal lattice structure of PbC12 
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APPENDIX D 
VERBATIM TRANSCRIPT FOR STUDENT R7 ILLUSTRATING 
TW SCORING OF KEs AND ACs 
2 (lbe figures referred to in this tTanscript are on the set of drawings made by this 
3 student, which are presented at Appendix N. 1.1; the specific KEs and ACs scored are 
4 summarised in the record sheet at Appendix E. 1. The number of KEs and ACs scored 
5 are set up in Appendix F. ) 
5 Now, Thomas, this is a piece of copper foil. What do you predict will happen 
7 if I were to put it in a very, very hot flame? 
i RT Enn.. I think it'll probably bum.. to fonn an oxide with the oxygen in the afr 
1: Aha.. what do you mean when you say bums.. something bums? 
RT Well, bwm.. cz I undetstapzd it means it combines with oxygen to-enn-or 
decomposes.. something like that. 
1: Decomposes-Can you say a bit more about decomposing.. 
RT Decomposing is like breaking down into smaller things. something like a 
ca, bonae which might decompose down into cambon dioxide and other 
products. 
[AC Alb: everyday understanding of burning as application of heat, decomposition] 
1: Ah.. then in what fonn do you think the copper oxide will exist? 
RT Er. I think copper oxide is a solid, block powder 
[Aspect A: 2KEs -I for knowing oxygen and copper are reactants; I 
for product 
copper oxide. Note: KEs co-existing with AC Alb] 
1: And then how do you imagine the process taking place? You know, the 
change from copper to copper oxide.. 
RT Er. well, when I heat it up, I think it'll probably be.. stmt to glow at flat. - 
apzd. enn.. then it'll stce to look x tho' soot or something is fonned on it.. on 
the oulide.. stces to oxidise.. apid then it'll stce to become very flaky. - and then 













And then if you were looking at the burning copper thro' a microscope, letis 
say we have a very, very powerful microscope that will allow us to see, you know, the smallest of particles, what do you think you will see happening-what do you imagine you will see happening? 
RT Er. well, w/mt you see is the copper paticles.. copper molecules 
[AC Cla: confusion between atoms, molecules, etc. ].. 
....... which stc#-t shaking mound mzd x you give more and more heat, they 
shake fizter aid finter apid favter aid they have so much enetýy that they 
would bounce into oxygen molecules and they have so much eneiýy they stick 
together 
[C = 1.5KE, collisions between reactant particles; 0.5KE for mentioning reactant 
particles. AC B3a, suggested: bond making requires energy. ] 
1: Ah.. 
R7: (laughed) something like tha. 
1: What do you predict is the overall energy change? 
RT Oven-dl endothennic. takes in hea-beccme without hed, the recrtion won't 
hcffen. 
[Aspect B= OKE; BIa: a reaction must be overall endothennic if heating is needed. 
Note: Here AC prevented acquisition of KEs] 
And what do you think is the driving force for this change or this chemical 
reaction? 
RT Er. well, itý the heat tha you give to the copper, in which case they have 
enetýT, so they av able to combine with oxygen 
1: Why do you think this reaction happens at all.. 
R7: Become of the hea. the hed dtives it 
Aha.. so you see heat as the driving force. On what basis have you made these 
predictions? 
RT Enn.. well, when you heat something ip okay, it gets hot, and I mean, when 
you got this copper on its own aid you iw not giving it heat, it isn Ft Ox idising 
youfre not mally chaWinganything else. -it 
does but when you give it heat 
stcoy to oxidise, so the thing which changes is the heat and so that mil8t 















[EVENT I-3.5KEs, 5ACs] 
Now, lets next talk about a burning candle. Do you think there chemical 
reactions taking place in the flame? (lighting the candle) 
RT Erm-well, I think the wac is burning but quite slowly. So it's probably 
bw-ning to ... war, I think is carbohydraes or. hydrocarbon- so it ý going to give 
off.. well, it will give off carbon, which is Probably what ý making the string 
blxk.. cmd it will also give off hydrogen perhcps, and carbon dioxide, aid 
maybe some water 
1: What do you think are reactants .... and products involved..? 
RT Er -Im not quite suro wha the 
fonnula of wnx is, but it will be some sott 
of.. hydroccrbon, when itý hected up.. in the presence of hea, it produces 
ca, bon, enn.. H2Q aidH2. 
Aha.. again how do you imagine this change taking place? Okay, you say that 
you think wax is a hydrocarbon, so.. why not let its formula be like.. CxIJY since 
you dont know the numbers of atoms of carbon or.. atoms of hydrogen-and 
then okay, so we have a CxHy molecule of wax.. Now what do you imagine 
happening to this Cxlý as the chemical reaction goes on? 
RT Enn.. well, I think some of the.. is it alright if I wifte hem.. (writing 'C,, Hy' and 
then drawing fig 1)... ifyou imagine it.. it Is sott of like.. brmches of carbon with 
hydrogens coming out-probably it doesn't look like this.. but, I'd imagine it to 
have something like this.. er. they'll get energv becaae of the heaLit's 
bw, ning.. the I-Ts willjoin up to each other crd. enn. fly off andfonn separde 
H2molecule aidyou might get things like hydrogen combining with oxygen.. 
1: Where does the oxygen come from? 
RT From the cdr 
1: Ah.. 
RT So if hydrogen combines with oxygen You get some waterproduced apzd in 
the sawe way with carbon you might get carbon dioxide produced or carbon 
monoxide ... things 
like thav.. azd some of the wac.. this is probably quite a 
complicated hydrocarbon apzd it might be broken down into er. smaller 
hydrocarbons.. so you get something like that (drawing fig 2, the full structural 
fortnula of ethane. ) 
[Aspect A: 2KEs; AC A3c: burning of alkanes produces carbon monoxide and 
hydrogen] 








1: On the wax molecule-the effect of heat.. 
RT Enn.. well, the hea ccwe bonds between the aroms to. . weaken becatue the 
aroms themselves av shaking about more aid mom cmd. so this weakens the 
bonds between them.. which mean itý exierfor them to break away cM so 
when they have got enough enetýDý, they do tha. 
[Aspect B: IKE heat breaks bonds] 
1: Ahm.. can you say a bit more about bonds.. which bonds here.. 
RT Er. well, bonas.. I'm not sw-e about those in the hydrocarbons.. but.. etm.. 
they're. - they'wforces holding the molecules together become of theforces that the actual atoms have.. so m a7y protons ad electrons.. those forces can interxt 
with each other. to push to repel each other orpull them together so.. enn.. there 
might be a very strong force pulling them together but you av giving the 
molecule so much energy that they'll overcome thatforce audpull awayfrom 
each other. 
Aha.. can you say a bit more about bonds-what about bonds in the reaction 
process..? 
RT Enn.. I don't know. 
[Aspect C: I KE for mentioning bond breaking, although there seemed a lack of 
understanding of the nature of bonds; also confusion between intra- and inter- 
molecular bonds, AC C2b. ] 
1: What do you predict is the overall energy change? 
RT Fxothenn ic.. it gives out hea from the mtrtion. 
1: Why do you think it's overall exothennic.. 
R7: Hect is producedfrom the buming. 
I: What do you think is the driving force of this reaction.. 
RT Enn.. l think agcdn itý heat agc9n. 
1: Why do you think the reaction happen at all. - 
RT Hea dlives the recrtion.. if there ý no hea, mcrtion will not take plxe. 
[SUMMARY EVENT 2- 4KEs, 2 new ACA 
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126 ............ 
27 Okay, you think its heat again. Now we shall have another flame. This 
28 bunsen flame: do you think there are chemical reactions going on in the flame? 
29 RT Enn.. itý quite similar to the wac, except you're bwning a different 
30 hydroc6rbon.. enn.. this one is quite visible-so itý producing some kind of 
31 soot-probably carbon but now when you put oxygen in them (seeing that I 
32 have adjusted the carhole to fully open) it bwm to produce diffemnt 
33 products.. so. - 
;41: Aha.. so you think they are quite similar.. 
;5 RT They ave quite simi&r. M just tha this one is probably mom efficient.. well, 
16 now it burns with afiercierflane.. bunsenflan6 methane.. they're chemically 
ý7 quite similer-itý just enn. -wac is bavically a bigger molecule timn 
18 methane. they av made up in the sawe way.. snme products.. ctrbon dfoxdide 
19 and warer. 
How do you imagine the process of this reaction-between methane and 
oxygen.. 
2 RT Heat weakens the bonds.. the ccrbon aid hydrogen.. come cpaf.. then combine 
3 with oxygen-fonns carbon dfoxidie apzd water. similar process to the wac. 
[Aspect C: IKE for mentioning bond breaking; interviewer did not press him ftwther 
because he seemed unwilling to elaborate on the bunsen flame. He seemed to think 
that elaboration is not necessary because the same principles apply. ] 
1: What do you think is the driving force for reaction-burning of methane..? 
RT Erm.. well, itý heaf.. I think the hea-er. couses it to combust so that's wh& 
makes it bum but because itýflommable.. th&.. erm.. that meau thaf it will bwn 
x well. 
I: You said the heat causes it to combust-what do you mean by combust? 
RT Bwn 
1: So combustion and burning is the same? 
RT I think there is a slight difference.. but.. I'm not really sum whd it is. 
[SUMMARY EVENT 3- 4KEs, NO NEW ACsl 
307 
156 1: Okay, now we shall talk about another reaction-This is a piece of magnesium 
157 ribbon. What do you predict will happen if I drop it into this dilute 
158 hydrochloric acid solution? 
159 RT Enn.. the magnesim will mact with the hydrochloric acid aid it will fonn 
160 magnesim chloride, I think aid hydrogen-yah. 
161 1: And in what form will magnesium chloride and the hydrogen be? 
162 RT Er. hydrogen will be a gx, aid magnesim chlofide, I think, will be soluble. 
163 [Aspect A: 2KEs] 
164 1: On what basis have you make your predictions? 
165 RT ErA think I have done the experiment before. 
166 1: What do You pwdict is the oven-dI energv chmge? 
167 RT ErA think it's overall exothermic.. 
168 1: What av Your wayons for saying itý overall exothennic 
169 RT Beccme itý a very vigorous wxtion. M giving out alot of eneqýv and that 
170 eneqT is converted to hea 
171 1: At the microscopic level, can you account for why this reaction is overall 
172 exothermic.. 
173 RT The retrtion itse6(. the magnesium is very retutive.. and so is the trid. when 
174 they come together. thdý where heat is given out 
175 [Aspect B: 0.5KE for predicting the correct energy change] 
176 
177 1: Then what do you think is the driving force for this reaction? 
178 
179 RT Sme cs the Previous three rextions; the hed. 
180 1: Can you say a bit more about the heat.. 
181 R7: Hea absorbedfrom the swmwidings - 
182 1: How do you imagine the reaction taking place.. can you try to give a step by 183 step account of how you imagine the reaction taking place? 
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184 RT EnnJ think itý beccwe of the-sort of.. make up of the aoms of hydrochlolic 
185 xid apzd magnesium that.. enn.. that they cre very willing to mact with exh 
186 other a7d. so .. er. they 
do it vigorously. 
187 [Note his anthropomorphic expressions. ] 
188 Okay, you talk about the make up of the atoms in hydrochloric acid and 
189 magnesium.. Okay, so can you say a bit more about what you i-magine-the 
190 atoms.. the particles at the microscopic level is like-Okay, let's start with the 
191 acid first.. 
192 RT A cid. hydrochlotic crid. it should be one dom of hydrogenjoined to one aom 
193 of chlotine. 
194 1: Can you make drawings to illustrate what you mean.. 
195 RT Acid should have this H-Cl molecule (writing a'fT joined to a'Cl'by a single 
196 line) 
197 1: And what does this line represent. Ahis line between hydrogen and chlorine.. 
198 RT It mpresents a bond between them. 
199 1: Aha-so you are saying that in this hydrochloric acid solution, the hydrogen is 
200 joined to the chlorine? 
201 RT Enn-I'm not actually sw-e whether itýjoined.. it might be ionic.. in which caye 
202 it have a cetYcdn amount of hydrogen which has a; I think it's a one minus.. or 
203 one plus.. it ý one plus-yah, you have a hydrogen with a one plus chtwge- -6n 204 ion.. sony.. which is an cdom with electrons added or taken away.. to give it 
205 amhaý called a stable configurction similar to that of a noble gx 
206 aud. chlotine ion which is one minus aqd become these clzcffges aT equal azd 
207 opposite, they carcrt each other very strongly and so you've got very strong 
208 bonds holding them together. 
209 And what would you call this bond? 
210 RT Ionic bond 
211 1: Ionic bond.. and then besides these hydrogen ions and chloride ions.. what other 212 particles would there be? 
213 RT Etm.. well, there'll be protons aid neutrons in the nucleus and electrons on the 214 outside. 
215 [He seemed to be interpreting my question differently. ] 
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216 Aha.. okay.. besides that, like this is made by dissolving the hydrogen chloride 
217 in water right.. so do you expect to see some water particles there? 
218 RT Enn.. them will be.. but the winter molecules would be sepa-aed from the 
219 hydrochlofic xid molecules. 
220 1: So what is your picture then.. of how.. of the relative arrangement of the water 
221 molecules and the hydrogen chloride? How do you imagine them to be put 
222 together then? 
223 RT Enn-well, thatý whot I imagine-you might have a wceer molecule hem-a 
224 hydrogen chloride molecule hem aid it would go round-sott of like thatJ 
225 think there'd be more water molecules to hydrogen 
226 chloride.. molecules.. (drawing fig 3) so something like tha. 
227 1: Just now you were saying that in the acid the hydrogen chloride probably split 
228 up into ions.. now you are talking about molecules.. are they the same? 
229 RT No, I think.. You don't have that (cancelling off fig 3 above) .. You'm going to 230 have.. enn.. an H+ ion apzd the Cl- ion aid they ar not necessaily going to be 
231 carxted to the water [AC CIII: lack understanding of ion-solvent attraction] 
232 and you ar going to have an H20 molecule became water doesn't fonn its 
233 bonds in this way.. it fonns it in another way.. like shells of electrons.. and so 
234 you get a molecule of H20. (drawing fig 4) aid other molecules.. here and.. 
235 here and mixed auund here, you can have H' ions.. a7d C1 ions. 
236 1: So now you are saying that there is probably no bonds between the hydrogen 
237 ions and the chloride ions? 
238 RT Er. not when they 6m in wder 
239 [Aspect B: 0.5KE] 
240 1: Not when they are in water-Do you think there are any bonds between the 
241 water molecules and the hydrogen ions? 
242 RT No. 
243 And then between the water molecules and the chloride ions? 
244 RT I don't think so. 
'45 You don't think there are any bonds whatsoever? 
246 RT Etm.. I don't know.. them might be but I don't think. -I 
don't think there av. 
'47 [AC: There are no concept of ion-solvent interactions at all. ] 
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248 How about between the water molecules themselves-Between this water 
249 molecule and this water molecule (pointing to two different but neiglibouring 
250 molecules in fig 4) are there any forces of attraction-any bonds..? 
251 RT Er. them should be.. I think. 
252 Okay, then what is your picture of magnesium ribbon? At the atomic 
253 level, what does magnesium ribbon look like? 
254 RT Erm J think you're going to have lots of magnesium aoms.. erjoined up like 
255 this (drawing fig 5), apid so on.. a Idtice or something like thccaud avound 
256 them you're going to have a sea of electrons.. beccme itý a metal aid thaý 
257 wIxt I understa7d.. all molecules am moving except at absolute zero. Exh 
258 molecule would be shaking about a little bit cmd the mom you hea, the 
259 molecules would shake about mom aqd mom. 
260 [Note again AC Cla: confusion between atoms, molecules and ions. ] 
261 
262 1: Okay then how do you picture this magnesium in this state changing into 
263 magneium chloride and hydrogen gas? 
264 RT Enn.. ay you heat up they shake more cind more until it bwaksfree.. and it's able 
265 to join.. it willfonn, let me think, it should go to Mg2+ aid one of them will 
266 link ip with a chlofine in the water. link up with two of them aid. you'll have 
267 MgC12.. magnesium chlofide. 
268 1: Heat up... 
269 R7: Yes, it takes in hecefrom the swroundings.. 
270 1: You're saying that magnesitun 2+ is linked up to the chloride ions in this 
271 aqueous solution? 
272 RT Er. they won't actually.. not while they av aqueous.. solution. - they'll just - the 273 magnesium willjust change into ions.. ionise.. yah.. change into this (pointing 
274 to the Me which he has written on paper) But if you.. were to.. remove ... I 275 think, the water in them I think the hydrogen reacts with the oxygen in the dr 276 to produce water. aid so if you were to burn that off, evcporae it probably, 277 you're left with magnesium aid chloride ions which wouldform magnesium 278 chloride. 
279 You're saying that the hydrogen that is given off will react with oxygen in the 280 air to produce water, some of which is found in the test tube here.. 
281 RT Ydý I think so, yah Or it might not waýtxnn--I don't know hydrogen 282 
actua(ly.. it could be given off. 
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283 VvUch is more likely? 
284 RT I mean.. I think itý more likely to be given off xtua(ly. 
285 So you dont think it's likely to react with oxygen from the air.. 
286 RT Enn.. I don It know.. I think it ý become it needs quite a lot of energý to do tha, 
287 ad it Iyun It got tha energv. 
288 1: it needs a lot of energy to react with oxygen-what do you see is the role of 
289 energy there.. 
290 RT I'm not very sure.. 
291 1: Aha.. and can you enlighten me a bit more on how the magnesium changes 
292 from neutral atom to Me? 
293 RT Enn.. it loses two electrons. 
294 1: Ah.. what happens to the two electrons? 
295 R7: Er. (laughed) I'm not very sum.. they.... (long pause) enn.. I think they'll 
296 produce.. enn.. other ions av well which the electrons will go. See when you 
297 make a negative ion, you've got to add electrons cmd so the electrons av going 
298 towam& making negative ions. 
299 1: Ahm-negative ions.. you mean.. 
300 RT I think it will be.. I'm not sure wha. -probably hydroxide ion.. (long pause) 
301 1: Say a bit more.. hydroxide ion.. 
302 R7: Enn.. I don't know-maybe some of the hydrogen might rext with an oxygen 303 6nd cm electron to go to.. enn.. hydroxide.. ion.. I'm not very swr- 
304 Youre saying that hydroxide ions are produced as well. 
305 RT I think so. Yeah. 
306 [Note AC A3: 'anyffiing goes as long as the elements are in a soup. ] 
307 [EVENT 4-3.5KEs; 1 new ACI 
308 Okay, then what do you think happens if copper is used in place of 309 
magnesitun. In other words, we add this acid to the copper, do you think there 310 
will be a chemical reaction? 
312 
311 RT Enn. I think there will but it will take a lot longer because copper isnt so 
312 mactive as magnesium. Enn.. I'm not too sw why th& is. -I think it ý because 
313 the way its electrons av an-mged in its shell in the atom itse6( .. sod of lends 
314 i1se6( to it staying where it is-not reacting very much. If you wem 
315 to.. maybe.. heat it apzd then put it into hydrochlotic acid, because it will have 
316 mom energy, it might react then. 
317 [Note again his AC that heat supplied will drive reaction, AC DIa. ] 
318 1: What do you think is the driving force for this Mg-dilute HCI reaction? 
319 
320 RT Enn-probably the crid. enn.. it ý jwt wanting to react.. so they can fonn ions.. 
321 1: Just wanting to react.. 
322 RT Enn.. I don't think they av stable sod of. -in ecrh otherý company.. can't have 
323 magnesium being stable when itý with hydrochlotic crid. the.. chlotine wants 
324 to move from the hydrogen to magnesium. 
325 [Aspect D: OKE, AC D2b: anthropomorphic explanations for driving force. ] 
326 LI thought you said that the chlorine and the hydrogen are already separated in 
327 the acid.. 
328 RT Eryah, but .. er. 
329 1 And then in this solution ... are the magnesium and the 330 chlorine.. chloride.. separated? 
331 RT ErTm not swv ... they might 
be ayracted to ecrh other but enn - -not join. - 
332 1: Can you say it again.. go through what you think occurs step by step. 
333 RT Well.. I think probably in hydrochlotic crid. you've hydrogen ions and chlotine 
334 ions.. and I think when they.. before itý made up.. you've got enn. - 
hydrogen 
335 chlotide aud you add to warer so.. a7d wha hcypens is tha the bond between 
336 the two aroms soit of breaks.. aqd so they're free from each other - [Aspect 
C: 
337 IKE].. but I think they still rem afn quite close to each other cnd enn - you add 338 magnesium-aid the magnesium reacts to produce the magnesium ion. aid 339 possibly some other ions, maybe hydroxide ions or something like that. - and 340 this magnesium ion then swops places with the hydrogen ion a& you get 341 something like tha (writing 'Me2CI-'). 
342 Can you say a bit more about how you think water breaks the bonds in HCI? 
343 RT Eml don't know.. I just. enn.. I mmember that when you add cenain 344 
substaxes to water, they break down into their ions. 
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345 [SUMMARY EVENT 4-3.5KE, 2 NEW ACs] 
346 1: Okay.. I have some solid sodium chloride here. What do you predict will 
347 happen if I take some solid sodium chloride here and I add water to it? 
348 RT It'll dissolve. 
349 Aha.. what do you mean by dissolving.. 
350 RT En-n-the-what do I mean by dissolving-Mell, what I think, is splitting up into 
351 sodium. and chlorine-and each of them can itself turn into an aqueous state 
352 because it's no longer solid-it's split up ......... 
353 1: Can you say a bit more about how you think water might cause this splitting 
354 UP... 
355 RT Em. 
356 1: What is it about water that cause this.. 
357 RT Don't know. 
358 L Okay, never mind. Then what is your picture-Okay, can you draw your 
359 mental picture of solid sodium chloride-what it looks like-and then draw 
360 another picture of what you think it looks like in water, after it's dissolved in 
361 water. 
362 RT Enn.. (drawing fig 6).. they alljoin to each other like this ad itý soit of in a 
363 quite figidfrawe.. it ý soil of cube 4pe of thing. 
364 1: Are these neutral atoms? (noting that he has merely written particles as 'Na! 
365 and 'Cl', i. e. without pluses and minuses signs. ) 
366 RT No, these av all ions so 2-, 2+, 2-, 2+ (adding '2-P to 'Na! and '2-' to 'CV), 2- 
367 a7d 2+ ad so on aO .. they sod of join up 
like thaf in a cube shqVe. - it ý 368 crystalline.. avO when it goes into wafer. enn ... I think it sepa&es out into the 369 two sepcp&e ions.. though I don't mally know very much about thaf. 
370 1: So in the water would there be any attraction between these sodium and the 371 chloride ions? 
372 RT I don't know. 
373 Will there be any bonds between them? 
374 RT I don't think them would But I'm not sum. 
375 And then where would the water be.. in relation to these ions? 
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376 RT It s just all mixed avund with it - becaue the wder is neuftd and the ions ar 
377 chaged. so it m ightjoin together. or be sod of dtrxted to ecrh other but I'm 
378 not swv. 
379 1: You're saying that something neutral could be attracted to something that is 
380 charged? 
381 RT Yeah-the substance wants to become neutn-d.. neutrally chaged agdn. I 
382 think.. er. I don't know.. Ijust know that chc#ged substances or anything awwts 
383 a neutrd - 
like if you chage a balloon, it can stick on the wall because it's 
384 chcffged and the wall is neutral 
385 Aha.. aha.. okay, right-then what do you predict will happen if I add lead nitrate 
386 solution to this sodium chloride solution? 
387 RT Erm.. I don't know.. one of two things, nothing would hcppen or er - the.. metals 388 [Again AC Cla: confusion between elements and their compounds] would 
389 swcp over basically. to fonn lead chlofide cmd sodiwn nitrcee. 
390 1: So what detennines whether they will swop over? What detennines whether 
391 there will be a reaction? 
392 RT EnnJ think it's something to do with the crtivity series.. we use it to detennine 
393 whether metals av going to recrt, 
394 1: Aha.. so in this case lets see.. why dont you write it down and then try to 
395 predict-This is sodium chloride.. right.. sodium chloride, aqueous, then plus lead 
396 nitrate aqueous.. 
397 RT ... (writing'NaCI(aq)+ PbNO3(4') ... enn.. well, sodim's pmtty mixtive actudly. -I 398 don't think thce ý going to hcff en.. to be honest [A C C3b] 
399 
400 1: So you think there is not going to be a reaction? 
401 RT Er. I don't think there will be... 
402 1: Alright ... I'm going to put some sodium chloride solution 
in this test tube and 
403 then add this lead nitrate solution... 
404 RT Yeak. (noting the white preciPitate) Well, whutý hcffened is dmt you've got 405 lead chlofide and sodi wn nitmte.. 
MA 
Tvv So what is it we are seeing now? 
407 RT Well, them-you've got amell, thatý a solid in there-which is the lead 408 chloride, become lead chloride is insoluble.. beccime it won't ionise.. when it 409 goes into solution. aid so it sort of remcgris x it is.. itý a solid but it's 410 er. suspended in the solution 
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411 1: You said that the lead chloride wont ionise.. that means it doesn't exist as ions, 
412 does it in the solid? 
413 RT Enn.. I don't know.. it just won't ionise. It won't ionise when it goes into 
414 solution. 
415 1: So by saying that something would not ionise, you are saying that it would not 
416 exist as ions.. is that what I'm understanding you.. 
417 RT I think so.. Yah.. I don't know. 1ijust is insoluble.. substmee. 
418 1: So what is your mental picture of lead chloride then? How do you picture 
419 lead chloride? 
420 RT Enn --I 
don't know.. It m ight be sott of you have.. enn.. a lead nucleus hem ad 
421 chlonne nucleus here aid they've got electrons spinning avwid it. so if you 
422 see diagrannictically, they might be.. shcring some electrons.. (drawing fig 7) 
423 so they ecrh become stable in configurction. 
424 1: Aha.. so they are not ionic.. 
425 RT Er. I don't think so.. no, in this caye. 
426 1: Then in this case what do you think is the driving force? 
427 RT Enn.. itý become I think leaA. M because the metals av reactive-lead is 
428 reactive, sodium is reactive ... I think the sodium want.. er. wants to be with the 429 nitnee.. aid.. because the sodium wants to combine with the nitmte.. it ý hcppier 
430 with nitrae than chlofide... 
431 [Note AC D2b again] 
432 1: How do you think the process is like-suppose we are looking at the reaction 
433 as it is occurring through our very powerful microscope which enable to see 
434 the tinest of particles.. 
435 RT Enn.. they are in ions.. but I'm not too swe.. how they react. . 
436 What do you predict is the overall energy change.. 
437 RT Not sum about this one... 
438 1: Okay.. Let's suppose that instead of adding lead nitrate solution, I add copper 439 sulphate solution to sodiwn chloride solution. What do You Predict will 440 happen? 
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441 R7: Enn.. (writing 'CUS04 + NaCl ->').. Enn.. I think it wouldprobably stay cn it 
442 is xtua(ly.. er. I don't know.. I haven't. -I can't remember coming xross sodium 
443 sulphate or copper chlofide.. I don't know if they exist. 
444 1: Right, this is copper chloride actually (holding up the bottle of aqueous copper 
445 chloride). So there is. -copper chloride does exist. And sodium sulphate does 
446 exist too. 
447 RT Yah, I think they ex ist.. but I don't know.. I don't think they Ill recrt. 
448 1: You dodt think so.. 
449 RT I'm pessimistic.. it might do.. I dont know.. it depends whether sulphate.. it wants 
450 to be with the sulphate or chloride.. or I dont really know. 
451 1 see.. aha.. then what do you mean by a chemical reaction? 
452 RT Enn.. a chem ica( wartion is when chem icats or compounds com bine or change 
453 to produce sod of.. new chemicals or compounds aO.. there is actually 
454 something going on. but is not like wafer tut-ning into steaw or soemthing like 
455 thce which is physical maction. 
456 1: Okay, never mind-lefs talk about the magnesium reaction again where heat 
457 was produced. Where do you think the heat could come from? Adding the 
458 dilute HCI to magnesium ribbon ... and getting heat and hydrogen plus 459 magnesium chloride-where do you think the heat comes from? 
460 RT Enn.. well.. when they react, they give out eneqy and tha energv is trcmfen-ed 
461 to heat.. 
462 1: When things react, they give out energy... 
463 RT Er. some give out eneqy.. some need eneqy to react 
464 1: Aha.. why the difference.. 
465 RT Er. I don It know.. it ý like going uphill or going downhill.. that sod of thing. 466 Sometimes-some recrtions go uphilLso you need eneqýy, you need heat to 467 make them work, aid some mcrtions go downhill, aud so.. er. they've got 468 swplus enetýy, so gives out heat, 
469 Aha.. can you say a bit more about this going uphill and downhill-where do 470 you think is the cause or origin of this energy... or what cause some reactions 471 to be on the top of the hill... 
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472 RT Enn.. I'm not sw-e-enn.. I think ceilain elements-Mart very vigorously.. like 
473 fluoHne is a very active gas.. enn.. but why I'm not too swv. -I mean I know it Is 
474 got something like seven electrons in its outer shell and so.. enn.. I think thcr 
475 makes it volatile it would react quite exily-but cetlain elements like er. a 
476 noble gay is very hard, almost impossible to get them to mact.. because they av 
477 very stable-I'm not sw-e. 
478 So where do you think the energy comes from? Like the energy in that 
479 reaction between magnesium and HCI.. 
480 R7: EnnJ think itý just the energy thatý contc9ned in the doms 
481 themselves.. beccwe I don't know... 
482 1: Is there a common driving force behind chemical reactions.. 
483 RT Enn.. I think itý just energv bayically.. either eneqT from heat or energv 
484 beccwe itý moving orjust eneiNy mdnly. 
485 1: Okay, this is the absolute last question: You know in this reaction between 
486 magnesim and the acid, does water play any part in the reaction?. 
487 RT Between wha? 
488 L Magnesiura and HCl.. If there is no water, would the reaction go.. take place? 
489 RT No, I don't think so. I think the HC1 needs to be in water so itý ionise or 
490 something so the maction can occur 
491 1: 1 see-and then in the reaction between sodium chloride and lead nitrate ... would 492 the reaction take place if there was no water? 
493 RT Er. I don't think so. 
494 1: For what reason? 
495 RT Er. I think it ý because they av not ions.. they're solf of like atoms joined 
496 together and there isn't ary soit of incentive for them to mart, 
497 Okay, thank you very much. 
498 (The interview which was about 90 minutes duration ended here. It was longer than 499 usual because he was free in the subsequent hour and was willing to allow me to Soo continue beyond the scheduled time of one hour. ) 




RECORD SIHEEr SHOVANG NNMCII EFs AND ACs ARE COUNTED 
[The sample record sheet here records the specific KEs and ACs identified in the 
interview transcript in Appendix D in the columns which pertains to V ie L6. ] 
FFEv-. - 
KE A-L A-U B-L B-U C-L C-U D-L D-U 
I yes no yes no 
2 yes no 1/2 no 
3 no no 
4 no 
AC Alb BlaB 
3a 
Cla Dla 
2 1 yes no no no 
2 yes yes yes no 
3 no no 
4 no 
AC A3c C2b Dla 
3 1 yes no yes no 





AC A3c Dla 
4 1 yes no yes no 
2 yes 
1/2 no no 
3 no no 
4 no 





5 no no no no 






Notes on El Record Sheet 
I st column: refers to event number; 
2nd column: refers to specific KEs as set out in Appendix C; 
3rd column: refers to 'specific KES counted in the response under aspect A at L6; 
4th column: refers to 'Specific KES counted in the response under aspect A at U6' and 
so forth. 
If a particular KE is included in a student's response, then 'yes'is entered. 
If part of the KE is included, then '1/2' is entered. 
The rows corresponding to 'AC record the specific ACs revealed by specific AC codes, 
a description of which is at Appendix H. 
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APPENDIX E2 
RECORD SHEEr SHOWNGIANCH KES AND ACS ARE COUNTED FUR CASE 
t STUDENT R7 
[The sample record sheet here records the specific KEs and ACs identified in the 
interview transcript in Appendix D in the columns which pertains to IL! ie 1.6. The'U ie 
U6 entries are based on the U6 interview, which are described in case 1, chapter 12. ] 
Ev. KE A-L A-U B-L B-U C-L C-U D-L D-U 
I yes yes no yes yes yes no 1/2 
2 yes yes no yes 1/2 yes no 1/2 
3 no yes no yes 
4 no no 
AC Alb BlaB 
3a 
B2b Cla Dla D4c 
2 1 yes yes no yes no no no yes 
2 yes yes yes yes yes yes no yes 
3 no yes no yes 
4 no yes 
AC A3c C2b Dla 
3 1 yes yes no yes yes no no yes 
2 yes yes yes yes no yes no yes 
3 no yes no yes 
4 no yes 
AC A3c Dla 
4 1 yes yes no yes yes yes no 
1/2 
2 yes yes 
1/2 
yes no yes no 
1/2 
3 no yes no yes 
4 no yes 
AC AM Cla, 
C2a, 
Ga 
Od D2b D4c 
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5 1 no yes no no no yes no 1/2 
2 no yes no no no no no 1/2 
3 no no no 
4 no no 
AC Cla, 
Ob 
Ob D2b D4c 
Notes on E2 Record Sheet 
I st column: refers to event number; 
2nd column: refers to specific KEs as set out in Appendix C; 
3rd column: refers to 'specific KEs counted in the response under aspect A at L6'; 
4th column: refers to 'specific KEs counted in the response under aspect A at U6' and 
so forth. 
If a particular KE is included in a student's response, then 'yes'is entered. 
If part of the KE is included, then '1/2' is entered. 
The rows corresponding to 'AC record the specific ACs revealed by specific AC codes, 
a description of which is at Appendix H. 
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APPENDIX F 
RECORD SHEEr SHOWING NUMBER OF KEs AND ACs COUNTED 
phe sample record sheet here records the number of KEs and ACs identified in the 
interview transcript in Appendix D. ] 
ASP/EV. 1 2 3 4 5 
A-U6 
A-L6 2ý 1 2ý 1 23 1 2ý 1 05 2 
B-U6 
B-L6 05 2 Lo L0 /2ý 0 05 0 
C-U6 
C-L6 1 1/2ý 1 111 L0 15 3 05 1 
D-U6 
D-L6 1 03 1 1 0ý 11 05 11 0ý I 0ý I 
NOTATION: 
(Y., Y) where X= No. OF KEs, and Y= No. OF ACs included in the response under a 
particular aspect and event. 
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APPENDIX G 
TABLE G. I 
U6 AND L6 KE SCORES AND PROGRESSION SCORES (U-L) FOR ASPECT A 
ACROSS EVENTS FOR EACH STUDENT 
St. A-U A-L U-L St. A-U A-L U-L St. A-U A-L U-L 
C4 7 6 1 RI 10 10 0 P2 10 7 3 
C6 9 7 2 R5 10 10 0 P4 10 8 2 
C8 10 10 0 R7 10 8 2 P6 9 7 2 
CIO 7 7 0 R2 10 7 3 P8 10 9 1 
C12 8 6 2 R4 5 6 -1 Plo 9 9 0 
C14 8 8 0 R6 4 7 -3 P12 9 8 1 
C16 7 7 0 P14 9 7 2 
C18 7 5 2 P16 10 10 0 
C20 9 9 0 P18 10 8 2 
11 1 11 1 P20 9 7 2 
Mean 8.0 
1 7.2 1 0.8 1 8.2 1 8.0 1 0.2 1 9.5 8.0 1.5 
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TABLE GI (CONl) 
St. A-U A-L (U-L) St. A-U A-L U-L 
El 10 10 0 si 10 10 0 
E3 8 7 1 S7 8 8 0 
E5 6 7 -1 Sil 8 9 -1 
E7 8 10 -2 S2 7 7 0 
Ell 9 9 0 S4 9 8 1 
E17 6 7 -1 S6 9 7 2 
E19 7 8 -1 S8 10 9 1 
E2 19 7 2 sio 9 9 0 
E6 7 9 -2 S12 9 6 3 
ElO 8 9 -1 S14 9 8 1 
S16 7 6 1 
S18 10 8 2 
S20 9 7 2 
Mean 7.8 8.3 0.5 8.8 7.8 0.9 
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TABLE G. 2 
U6 AND L6 KE SCORES AND PROGRESSION SCORES (U-L) FOR ASPECT B 
ACROSS EVENTS FOR EACH STUDENT 
st. t. B-U B-L U-L St. B-U B-L U-L St. B-U B-L U-L 
C4 2 0 2 RI 9 0 9 P2 1 0 1 
[ EC6 
1 0 1 R5 8 0 8 P4 9/2 1 81/2 
C8 7 0 7 R7 12 3 9 P6 9 4 5 
CIO I 1 0 R2 7 1 6 P8 7 2 5 
C12 3 1 2 R4 9 1 8 Plo 8 2 6 
C14 2 0 2 R6 4 0 4 P12 10 3 7 
C16 0 0 0 P14 4 0 4 
C18 1 0 1 P16 1.5 2 -/2 
C20 3 0 3 P18 4 2 2 
1 1 1 1 P20 6 
'/2 5/2 
Mean 2.2 




7.3 6.0 1.6 4.4 
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TABLE G2 (CONT) 
St. u L (U-L) St. u L U-L 
El 4 31/2 
1/2 si 4 2 2 
E3 5 I 
1/2 4 S7 8 2 6 
E5 2 
1/2 1/2 Sil 8 2 6 
E7 8 8 0 S2 3 3 0 
Ell 5 1 4 S4 4 1 3 
E17 3 1 2 S6 5 1 4 
E19 2 0 2 S8 10 0 10 
E2 1 0 1 sio 7 2 5 
E6 5 4 1 S12 3 0 3 
ElO 2 1 1 S14 7 4 4 
S16 3 1 2 
S18 2 2 0 
S20 5 3 2 
Mean 3.7 2.1 1.7 5.4 1.8 3.5 
327 
TABLE G. 3 
U6 AND L6 KE SCORES AND PROGRESSION SCORES (U-L) FOR ASPECT C 
ACROSS EVENT'S FOR EACH STUDENT 
St. Gu C-L U-L St. Gu C-L U-L St. Gu C-L U-L 
C4 6 2 4 RI 11 3 8 P2 8 4 4 
C6 4 0 4 R5 17 2 5 P4 18 3 15 
C8 10 3 7 R7 14 4 10 P6 10 6 4 
CIO 3 2 1 R2 6 2 4 P8 9 2 7 
C12 2 1 1 R4 8 2 6 Plo 15 3 12 
C14 3 2 1 R6 2 1 1 P12 13 7 6 
C16 2 '/2 11/2 P14 8 1 7 
C18 3 1 2 P16 9 6 3 
C20 4 2 2 P18 14 3 11 
1 1 1 1 1 1 P20 9 3 6 
Mean 4.1 
1 1.5 1 2.6 1 1 8.0 1 2.3 1 5.7 1 11.3 3.8 7.5 
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TABLE G3 (CONT) 
St. t 
u L (U-L) St. u L U-L 
El I 8 9 -1 si 6 7 -1 
E3 5 3 2 S7 11 3 8 
[E5 F 
4 3 1 Sil 9 3 6 
E7 16 6 10 S2 5 4 1 
Ell 5 6 -1 S4 8 3 5 
E17 4 3 1 S6 6 2 4 
E19 6 1 5 S8 6 1 5 
E2 4 0 4 sio 6 1 5 
E6 4 1 3 S12 4 0 4 
EIO 7 1 6 S14 10 8 2 
S16 3 2 1 
S18 6 5 1 
S20 5 41 1 




U6 AND L6 KE SCORES AND PROGRESSION SCORES (U-L) FOR ASPECT D 
ACROSS EVENTS FOR EACH STUDENT 
St. D-U D-L U-L St. D-U D-L U-L St. D-U D-L U-L 
C4 0 0 0 RI 3 0 3 P2 3 1 2 
C6 0 0 0 R5 4 0 4 P4 0 0 0 
C8 5 0 5 R7 7 0 7 P6 0 0 0 
CIO 0 0 0 R2 0 0 0 P8 0 0 0 
C12 1 0 1 R4 0 0 0 Plo 0 0 0 
C14 0 0 0 R6 2 0 2 P12 3 3 0 
C16 0 0 0 P14 0 0 0 
C18 0 o o P16 0 0 0 
C20 2 0 2 P18 5 51 0 
P20 1 2 -1 
Mean 0.8 0 0.8 2.7 0 2.7 1.2 1.1 0.1 
330 
TABLE G4 (CONT) 
St. u L (U-L) St. u L U-L 
El 2 2 0 si 0 3 -3 
E3 1 0 1 S7 5 0 5 
E5 0 0 0 Sil 3 3 0 
E7 I 1 0 S2 0 0 0 
Ell 0 0 0 S4 0 0 0 
E17 0 0 0 S6 3 0 3 
E19 0 0 0 S8 0 0 0 
E2 3 0 3 sio 0 0 0 
E6 4 1 3 S12 0 0 0 
EIO 0 0 0 S14 5 0 5 
S16 0 0 0 
S18 1 0 1 
S20 0 0 0 
Mean 1.1 0.4 0.7 1.3 0.5 0.8 
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APPENDIX H 
CATFiGORISArlioN OF ACs, TIUM DESCRWIIONS AND FREQUENcIES 
Categoiy 1: ACs associated with naive chemistry, which encompasses the following 3 subcategories, to which are allocated the groups identified under aspects A to D in chapters 4 to 7. 
sub-category i. A C's associated with perceptual ffiirýg (groups AI and 
BI); 
Ala: substantialisation of heat; heat or flame is seen as a 
substance, more specifically, it is seen as a reactant or 
the active agent of chemical change 
AM the conception of burning as catching fire or simply, as 
heating, the application of heat; oxygen may or may not 
in involved as a reactant; if oxygen is involved, its role 
of oxygen was either unclear or misconceived; and the 
result of burning is not necessarily a chemical change. 
Alc: metals do not bum 
Ald: wax does not bum, only melts 
Ale: burning always results in carbon dioxide being produced 
Aff. role of solvent is unknown - chemicals dissolve in each 
other 
Bla: a reaction must be overall endothennic if heat/heating is 
needed; conversely, if heat is not needed, then the 
reaction must be exothen-nic and spontaneous 
auýcategory ii. ACs associated 'one factor only' reasoning (group B2); 
B2a: a reaction is overall exothermic because heat is given 
out from the excitement of electrons/molecules; a 
reaction is overall exothermic because chemicals give 
out energy 
B2b: overall there is no energy change if the number of 
bonds broken equals number of bonds made; a reaction 
must be overall endothermic if one of the bonds to be 
broken is very strong; a reaction must be overall 
exotherinic is if one of the products is very stable (or 
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more stable) than one of the reactants 
B2c: confusions between kinetic and thermodynamic stability 
eg a reaction is overall endothen-nic if a solid (wax) is 
being changed into a liquid and a gas (water and carbon 
dioxide) because gas is less stable than liquid which is 
less stable than a solid; bunsen flame releases more 
energy than a candle flame because a reactant in gas 
fon-n has a lot of energy; a gas (like methane) is 
unstable so it is more easily broken down by oxygen 
than solid wax 
sub-categm iii. ACs associated with 'anything goes as long as the 
elements are in the soup' (groups A3 and A4). 
A3a: when oxygen in air is used up in burning, then carbon 
dioxide is used instead of oxygen 
A3b: carbon dioxide, as well as oxygen or instead of oxygen 
from the air is involved as a reactant in burning 
A3c: burning alkanes, such as methane results in carbon 
monoxide (instead oFand carbon dioxide); hydrogen 
(instead oFand water vapour) 
AM: Other examples of 'anything goes as long as the 
elements are in the soup' eg hydrogen evolved in Mg- 
HCI interaction reacts with oxygen in air to form 
hydroxyl group or water, etc. 
A4a: copper when heated in air fonns copper oxide and soot 
Category 2: ACs associated with the process of bonding and the nature of 
bonds, which subsumes the following 3 subcategories, and the 
associated groups. 
AC sub-categM i. z ILLS associated with misconceived 
ideas about the 
nature of bonds and wrong direction of the energy 
change involved in bond breaking and bond making 
(group B3); 
B3a: bonds release energy when broken, absorb energy when 
made; energy is needed to form bonds; bonds store 
energy; energy holds or binds atoms together; the bond 
is basically energy which holds atoms together 
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B3b: energy given off during bond making is energy which 
was put in to break bonds which it no longer needs 
B3c: energy is required to break and to make bonds 
B3d: a covalent is weaker than ionic or metallic bond 
sub-category ii. ACs associated with various confusions, between 
particles and substances, and different t)Ws of bonds 
(groups C1 and C2); 
Cla: confusion between elements, mixtures and compounds; 
pailicles and substances; oxidation numbers and 
electrical charges; electronegativity/electropositivity and 
electrical charges 
C2a: confusions between covalent and ionic bonding, which 
are manifested in various forms 
C2b: confusion about various types of bonds, intra- and inter- 
molecular bonds, Van der Waals bonds, etc. 
sub-category iii. ACs associated with reactions in solutions (group 0). 
C3a: dissolved substances eg HCI, NaCl form separate ions 
(or molecules) with ionic (or covalent) bonds still there, 
ie ions are not free (or water breaks inter- but not intra- 
molecular bonds in dissolves) 
C3b: events 4 and 5 are seen as involving the displacement of 
something less reactive by something more reactive or 
seen as preferential attraction - magnesium bonds with 
chlorine and displaces hydrogen; attraction between 
sodium and nitrate breaks lead-nitrate bond 
C3c: in the aqueous medium, H-Cl bond undergoes homolytic 
fission, ie when the H-Cl bond breaks, H comes off with 
I electron and Cl with 7 electrons in their outermost 
shells respectively; Mg loses electrons to Cl forming 
Mg-Cl bond in solution 
C3d: water, the solvent, in event 4 and/or event 5 plays no 
significant part; reaction is faster or the same if water is 
absent 
334 
Categmy 3: ACs associated with driving force, which subsumes the 
following 3 subcategories and associated groups: 
sub-category i. ACs which show ideas of conservation and have some 
scientific basis, and arising mainly from the lack of 
understanding about the driving force (group A2); 
A2a: when alkanes, bum, if the oxygen supply is insufficient, 
carbon monoxide instead of carbon dioxide will be 
formed, and/or hydrogen gas instead of water vapour 
sub-cale"o y ii. ACs associated with the idea of energy input as the 
driving force (group Dl); 
Dla: driving force is heat input; heat is the causal agent of 
chemical change 
DIb: driving force is internal energy of chemicals or the 
energy and power between the bonds 
sub-categ= iii. ACs associated with relative reactivity or preferential 
attraction; or with water, the solvent (groups D2, D3 and 
D4). 
D2a: driving force is the difference in reactivity or charge or 
electronegativity or competition between two things for 
something else 
D2b: anthropomorphic explanations such as chemicals 
wanting to react to fon-n full shells or just wanting to 
combine with one substance more than another because 
it is happier that way 
D3a: water, the solvent is the driving force 
D4a: the entropy of a system depends on the number of 
products vis-a-vis the number of reactants (ie there was 
no concept of the entropy dependence on the physical 
states) 
D4b: driving force is to decrease the entropy of a chemical 
system 
D4c: driving force is to increase the entropy of a chemical 
system 
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TABLE H. I 




AC codes U only L only U&L 
I Ala 3 9 4 
Alb 5 5 14 
Alc 5 1 3 
Ald 0 11 16 
Ale 0 4 2 
1 i Alf 0 3 0 
1 i Bla 2 11 6 
1 ii B2a 1 7 9 
1 ii B2b 6 2 0 
1 ii B2c 1 3 0 
III Ma 1 0 1 
A3b 0 1 3 
A3c 3 4 6 
AM 0 4 0 
Ma 0 0 
2 i B3a 6 6 17 
2 i B3b 3 1 0 
2 i B3c 0 1 4 
2 i BM 1 3 1 
2 ii Cla 4 13 14 
2 ii C2a 0 10 28 
2 ii C2b 1 5 0 
2 iii C3a 0 10 34 
2 iii Oc 5 6 13 
2 iii Oc 5 6 13 
2 Od 6 7 13 
3 A2a 1 6 1 
3 Dla 7 5 32 
3 Dlb 10 7 17 
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3 D2a 4 15 13 
3 D2b 0 11 0 
3 Ma 5 4 0 
3 Na 0 0 
3 D4b 3 0 0 
3 D4c 1 0 0 
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APPENDIX I 
NUMBER OF ACs BY STUDENT BY SCHOOL BY INTERVIEW, COUNTED 
ACCORDING TO PROCEDURE GIVEN IN SECTION 9.2, CHAPTER 9 (ie 













C4 3 3 0 E2 7 6 +1 
C6 5 3 +2 E6 3 5 -2 
C8 5 6 -1 EIO 3 4 -1 
CIO 8 7 +1 El 3 5 -2 
C12 7 7 0 E3 6 6 0 
C14 7 5 +2 E5 6 6 0 
C16 7 5 +2 E7 3 4 -1 
C18 7 7 0 Ell 4 5 -1 
C20 4 5 -1 E17 6 7 -1 
E19 4 4 0 




5.9 5.3 +0.6 Average 
AC per 
student 
4.5 5.2 -0.7 
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P2 4 6 -2 R2 5 7 -2 
P4 2 4 -2 R4 5 8 -3 
P6 3 4 -1 R6 5 6 -1 
P8 2 3 -1 RI 3 6 -3 
PIO 3 6 -3 R5 3 6 -3 
P12 4 6 -2 R7 3 5 -2 
P14 6 6 0 
P16 4 6 -2 
P18 3 5 -2 
P20 5 5 0 




3.6 5.1 -1.5 Average 
AC per 
student 
4.0 6.3 -2.3 
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APPENDIX I (CONTTNUED) 
Student Ilt U-total AC L-total AC (U-L) AC E 
S2 7 6 +1 
S4 5 4 +1 
S6 7 6 +1 
S8 4 4 0 
SIO 6 8 -2 
S12 4 4 0 
S14 4 5 -1 
S16 7 8 -1 
S18 6 6 0 
S20 5 5 0 
si 5 7 -2 
S7 5 5 0 
Sil 5 5 0 
Total AC 70 73 -3 









MEAN SCORES OF ACs COUNTED BY PROCEDURE IN SECTION 9.2, CHAPTER 9 
BY AC CATEGORY AND BY SCHOOL 
Sýhool ACI-U ACI-L AC2-U AC2-L AC3-U AC3-L 
c 2.1 2.1 2.3 1.8 1.4 1.4 
1.2 1.7 1.3 2.5 1.5 2.2 
p 0.6 1.1 1.5 2.2 1.5 1.8 
E 1.0 1.2 2.1 2.5 1.3 1.5 
s 1.3 1.5 2.5 2.6 1.6 1.5 
.p . 





j. 804 j . 216 
MEANING OF ENTRIES IN TTIE COLUMNS: 
ACI-U: No of ACs in category I (ACs associated with naive chemistry) at U6; 
ACI-L: No of ACs in category I at L6; 
AC2-U: No of ACs in category 2 (ACs associated with the process of bonding and 
chemical bonds, the role of solvents, etc) at U6; 
AC2-L: No of ACs in category 2 at L6; 
AC3-U: No of ACs in category 3 (ACs associated with driving force of chemical change) 
at U6; 
AC3-L: No of ACs in category 3 at L6. 
The data shows that on AC I (naive chemistry) school C was the only school where there was 
no reduction in the number of ACs held per student. in the other four schools, there appeared to 
be a reduction in the number of category I ACs. Also the reduction seemed greater in schools 
R and P than in schools E and S. 
On AC2 (ie pertaining to the process of chemical change) again school C was at odds with the 
Other 4 schools. At the U6 level, while in the other 4 schools, there was a reduction in the 
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number of ACs in AC2, 
in school C, there was an increase. At the same time, the reduction in 
the number of AC2 was greatest in school R, 
followed by school p, then schools E and S. 
on AG (ACs in category 3, i. e., those which pertain to driving force of chemical change, there 
were no significant difference between the 
five schools. However, there appeared to be a slightly 
bigger reduction in the number of AC3 held by students in school R compared to those in the 
other four schools. 
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APPENDIX Kl 
PLOT OF TOT-U-HE VERSUS TOT-L-IKE 
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APPENDIX K2 
PLOT OF T-PRO-IKE VERSUS TOT-1. -IKE 
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APPENDIX K3 
PLOT OF T-PRO-AC VERSUS TOT-LrEE 










7.0 10.5 14.0 17.5 21.0 24.5 
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APPENDIX K4 
PLOT OF T-PRO-AC VERSUS PRO-KE 










0.0 6.0 12.0 18.0 24.0 30.0 
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APPENDIX K5 
PLOr OF T-PRO-IKE VERSUS 'R)T-L-IKE FOR SCW)OL C 
,B> Note: School C 






6.0 7.5 9.0 10.5 12.0 13.5 
>retrieve fbdwkOOll 
MSHEET SAVED 7/30/1994 
347 
APPENDIX K6 
PLCFr OF T-PRO-IKE VERSUS TOWAKE FOR SCHOOL R 
B> Note: School 
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APPENDIX K7 
PL(YF OF T-PRO-IKE VERSUS M)T-I-AKE FOR SCHOOL P 
B> Note: School P 







------------------- r -------------------------------------- TOT-L-KE 
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APPENDIX K8 
PUYr OF T-PRO-IKE V ZSUS TOT-LrIKE FOR SCHOOL E 
'B > Note: School E 
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APPENDIX K9 
PL(Jr OF T-PRO-IKE VERSUS TOT-L-IKE FOR SCIR)OL S 
IB > Note: School S 
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APPENDIX L 
ENVIESTICATION OF IFARNING APPROACHES OF THE STUDY SAMPLE 
This appendix provides infonnation on the work carried out on students' Learning 
Approaches as part of this study 
The infonmtion is provided as follows: 
Appendix L. I Review of studies on students' learning approaches with particular 
emphasis on Biggs' learning process questionnaire 
Appendix L. 2 Method of the Leaming Process Questiomaire 
Appendix L. 3 Re Learning Process Questionnaire with covering letter to the respondent 
Appendix LA Findings based on the Lean-fing Process Questionnaire 
Appendix L. 5 Analysis of Variance on Surface Approach (SA), Deep Approach (DA) and 
Achieving Approach (AA) 
Appendix L. 6 Profiles of study schools 




REVIIEW OF STUDIES ON STUDENT'S'l-FAR1XING APPROACHES 
WM PARIICULAR EMPHASILS ON 
BIGGS'IFARNING PROCESS QUESTIONNAIRE 
The literature review on students' alternative conceptions studies seemed to point to one 
depressing fact, that each year students could do well according to conventional 
examination standards, including those at the university level, but they still harbour their 
naive views or misconceptions on topics that they were supposed to have learned. And 
this problem is not limited to learning in the natural sciences. Hallden (1986) and 
Hounsell (1984) for instance, reported persistent misconceptions held by school and 
university students regarding the nature of history as a subject, which was manifested in 
their written assignments. Dahlgren (1984) reported that a number of successful university 
economics students stubbornly believed that the price of a commodity is determined by 
its cost of production, rather than the interaction of demand and supply. 
It seems that such students can be found at "all levels of educations and in nearly every 
subject", and that "some now teach other students" (Rarnsden, 1988). It seemed that 
something has gone wrong with learning! It seemed that not only is there a need to look 
at the specific kinds of difficulties and misconceptions that students harbour, but there is 
also a need to look at how students approach learning and other factors that impinge on 
the outcomes of learning. 
'Research on students' approaches at the higher level (high school and beyond) has 
concentrated on describing from the perspective of the student. This research has been 
carried out from two main perspectives, i. e., psychometric and phenomenographic. The 
psychometric approach has used questionnaires and multi-variate techniques to identify 
and describe various learning approaches in ten-ns of motives and strategies adopted by 
students in various contexts (e. g., Entwistle and Ramsden, 1983; Biggs, 1987). The 
phenomenographic approach on the other hand is based on qualitative analyses of student 
interviews about the way they handle their specific learning tasks, and qualitatively 
describe students' different approaches to study. 
Researchers in both groups have identified sigmficant relationships between students' 
leaming approaches and the quality of what they learn. Thus working from the qualitative 
perspective Marton and SaIj o (1 976ab) have shown that surface approaches lead to poorly 
structured and low level outcomes, whereas deep approaches then to lead to high levels 
of understanding. 
At the same working from the psychometric perspective, Entwistle and Ramsden (1983) 
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have also reached similar findings; more specifically they show that the level of students' 
prior knowledge and factors associated with course and departmental structures and 
teaching influence the way students 90 about their lean-dng and subsequently the levels 
of understanding. Thusý it has been found that an individual student may adopt different 
leaming approaches in the leaming of different subjects/courses, depending on their 
perceptions of what the subject or course is about and the expectations of teachers and 
assessors. 
In this section of the review, background will be provided of the Biggs' LPQ which has 
been selected as the instrument to identify students, learning approaches, so that the 
relationship between students' learning approaches and depth of understanding as 
determined through analysis of interviews could be examined. 
One way of understanding student learning is provided by the '3P' model of lean-fing, 
'presage (or input), process and product (or output)', first outlined by Dunkin and Biddle 
(1974) in the context of classroom interaction, and elaborated by researchers such as 
Biggs (1978,1985,1987,1989) (Figure 2.1). 
The presage factors exist before the student enters the learning situation, and are of two 
kinds, i. e., the personological factors which comprise enduring personal characteristics 
such as cognate abilities and prior knowledge and the situational factors which are in the 
control of the institution and the teacher, i. e., the teaching context, and includes variables 
such as course structures, evaluation procedures and methods of teaching, and so forth. 
The process factors make up the "learning process complex", which comprises three basic 
approaches to lean-fing, each approach comprising a motive and a related congruent 
strategy. 
The 3P model thus depicts a cycle of events, in which student characteristics, the teaching 
context and students' learning processes are related to lean-iing outcomes. It represents an 
interactive system with the components at presage, process and product levels tending to 
be in equilibrium, and with the entire system being affected by changes to any one 
component. in effect it means that the interaction of all components needs to be taken 
into account if improvement in learning is aimed for. 
However, this section of the literature review is concerned mainly with the process factors 
of the 3P learning model; and more specifically with student approaches to learning. 
In the literature on this area of student learning, writers have each referred basically to 
two different approaches: for example, Ausubel (1968) referred to rote and meaningful 
learning; Pask (1976) referred to serialist and holistic learning; Biggs and Telfer (1987) 
referred to generic and surface coding; Entwistle, Hanley and Hounsell (1979) referred 
to understanding and reproductive learning; Marton and SaIjo, (1976a, 1976b) to deep 
level and surface level; (Schmeck 1983) to deep processing and fact retention ; (Biggs 
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and Rihn, 1984) to internalising and utilising dimensions. 
These dual views suggest that there is support for the view adopted in this study - that there are three main students' learning approaches. 
A nwnber of studies have shown that conceptions of learning influence how students 
approach their learning tasks (Marton and Saijo, 1984; van Rossum and Schenk, 1984). 
For 
I 
example, if learning is viewed essentially as the accretion of facts and procedures to 
one s repertoire, then a surface approach tends to be adopted in learning tasks. On the 
other hand, if learning is viewed as a way of interpreting the world through the 
developing of insights into subject matter, and new ways of thinking about reality, and 
personal growth, then a deep approach to learning tend to be adopted (Entwistle, 1988; 
Marton, 1988; van Rossurn and Schenk, 1984). 
The relationship between academic motivation and scholastic achievement is well- 
established. 
There is evidence that conceptions of learning and approaches to learning are related to 
motives (e. g., Marton et al., 1984; Entwistle and Ramsden, 1983; Laurillard, 1984; 
Fransson, 1977). These studies have shown that the intentions and motives that students 
have influence the way they go about the business of learning tasks, i. e., they adopt a 
learning strategy which is in accordance with their motive. 
The combination of motive and strategy, designated as an 'approach' to learning, three of 
which - deep, surface and achieving - have been identified by a methods which are based 
on information processiong models of lean-fing, and which used factor analysis techniques, 
and have been replicated several times (Biggs, 1978,1979,1987; Entwistle and Ramsden, 
1983; Watkins, 1983). Two of these dime approaches, viz., the deep and surface 
approaches are very similar to those identified by Marton and his colleagues (Marton and 
SaIjo, 1976ab, 1984), who had approached the problem from a phenomenographic 
perspective and who used qualitative analysis of interviews with students. 
Biggs (1987,1993) provides a good description and discussion of the three approaches 
as measured in the two related learning approach inventory designed, constructed and 
validated by him, viz., the SPQ (the study Process Questionnaire which is used to 
determine learning approaches of tertiary level students) and the LPQ (the Leaming 
Process Questionnaire, the parallel version of the sPQ, which is used to determine the 
learning approaches of secondary students). Each approach- is a composite of motive and 
strategy. 
The surface approach (SA) is based on extrinsic motivation. Affectively there are two 
inter-related surface motives (SM); pragmatic ones such as seeing school learning as a 
means towards some other end, like obtaining a job, and a more immediate negative 
motive of avoiding failure, seen in relatively high levels of test anxiety. In the absence 
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of any more positive reasons for learning, learning strategies are centred around avoiding failure but doing as little work as possible. Thus, the learner tends to be syllabus bound, 
learning what s/he really needs to, and with a view of reproducing the material rather than 
=isforming and internalising the material. 
The deep approach (DA) is based on interest in subject matter (DM). The learner is 
intereted in the subject matter and sees the task as interesting and focuses on the 
underlying meaning rather than the literal aspects. The task components are integrated 
with each other and with other tasks. The learner reads widely, discusses with others and 
may 'play' with the task, theorising about it and forming hypothesis about how it relates 
to other known or interesting items. 
The achieving approach (AA) is based on a particular form of extrinsic motive: the ego- 
enhancement that comes out of visibly achieving, and in particular through high grades. 
The related strategies refer to organising time, work space, syllabus coverage in the most 
efficient way (usually known as 'study skills'). The learner adopting an achieving approach 
sees high grades and marks as important, is competitive about obtaining them, sees it as 
important to be self-disciplined, neat, systematic, and plans ahead, allocating time to tasks 
according to their 'importance'. 
Table L. I summarises the three learning approaches in terms of the relevant motive- 
strategy combination. 
TABLE L. I 
MOTIVE AND STRATEGY IN APPROACHES TO LEARNING AND STUDYING 
Approach Motive (M) Strategy (S) 
Surface extrinsic: avoid faiure but don't work focus on selected details and 
too hard reproduce accurately 
Deep intrinsic; study to satisfy curiosity maximise understanding; read 
about topic widely, discuss, reflect 
Achieving achievement: compete for highest optimise organisation of time 
grades and effort ('study skills') 
,, x(iaptea irom ijiggs ki Y5 /) p. ii- 
Wbile at any given time, deep and surface approaches are mutually exclusive, an 
achieving approach may be linked to either surface deep approaches. Surface-achievers, 
for example, may systematically rote learn selected detail to attain high grades. Deep- 
achievers on the other hand, are organised and strategic in their search for meaning and 
high grades. 
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This model of learning in terms of motives and strategies is a particular instance of Nfischel's (1973) description of how people behave in terms of their encoding strategies 
and self-regulatory systems. A student's encoding strategy of the learning contex, ý or institution as a whole, is represented by his/her motives (to achieve high grades, to gain 
qualification, to pursue academic interests or any one or a combination of these). SMilarly, a student's self-regulatory systems are represented by the strategies adopted (reproducing limited content, etc. ). The kind of reflective self-awareness that is implied 
here is referred to as 'metacOgnitiOrf, or 'knowledge concerning one's own cognitive 
processes and products.. (and) the active monitoring and sequential regulation of these 
processes in relation to cognitive objects or data on which they be& (Flavell, 1976, 
p. 232) while the way the individual interprets his/her own motives is a'metamotivational 
state' (Apter, 1982, p. 39). Thus, it can be seen that there is a 'psycho-logic' in how 
individuals construe their role in a situation, and in their decision to do something about it. 
Marton and SaIjo (1976a, 1976b) working from a phenomenographic perspective, also 
identified two learning approaches, deep and surface, which correspond very closely to 
those discussed in Biggs' framework. 
In addition, the Biggs' learning model also fmds support in other independent studies. An 
example is the work of Hackman and Taber (1979) who found their clusters of students 
to comprise three major groups: pragmatic careerists, self-directed scholars, and 
competitive leaders, which seemed to parallel respectively the surface, deep and achieving 
approaches in Biggs' model. 
Another model which is closely akin to Biggs' model is that of Entwistle, who used 
similar multi-dimensional analysis and whose Approaches to Study Inventory (ASI) 
addresses Pask! s (1976) lean-fing styles (Entwistle and Brennan, 1971; Entwistle and 
Wilson, 1977; Entwistle and Ramsden, 1983). 
In particular, in a study (Entwistle, Hanley and Hounsell, 1979) 800 students in two 
English universities were surveyed using the Entwistle's ASI. Data were factor analysed, 
which yielded three second-order factors, referred to by the researchers respectively as 
understanding, reproducing and achieving. Understanding involves the search for meaning, 
and is related to intrinsic motivation; reproducing involves rote- memorising of 
information and is related to fear of failure and extrinsic motivation; and achieving a high 
degree of self-confident and ruthless organisation. The resemblance to the Biggs' model 
seems remarkable. 
In a subsequent study Ramsden and Entwistle (1981) using the same instrument, ASI, 
responses from 2208 students from 66 academic departments in six disciplines in British 
tertiary institutions were collected and then factor analysed. This time four factors were 
found, the same three as listed in the earlier study, and an additional 'disorganised and 
dilatory, factor. 
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Watkins (1982) administered Entwistle! s ASI to 540 Australian university students and 
identified three factors, one deep, and two surface (disorganised and organised). The 
components of the achieving factor were dispersed over the other three. in another study 
with 300 Australian students, Watkins (1983) obtained a similar result but regarded his 
results as generally supporting 'the meaning/reproducing/achieving model of the study 
process complex! (p. 29). Further support for the existence of these learning orientations 
among Australian students was provided by Watkins and Hattie (1980), Hattie and 
Watkins (1981), ONeil & Child (1984) and Entwistle and Kozeki (1985). 
Thus it seems that the three factor approaches-to-learning models are well supported by 
large scale empirical studies such as those quoted in the preceding sections, although the 
precise nature of the factors will vary according to the instruments (some ASI items were 
very similar to those in the SPQ but others were quite different), the samples and the 
method of factor analysis used (Biggs, 1993). But, this is not to say that these are the 
only three approaches. Entwistle and Watkins in the above mentioned and other studies 
have eached referred to a "disorganised and dilatory factor" while Taylor (1984) from a 
different perspective refers to what may be construed as the same three approaches of 
Biggs (SA, DA and AA) plus four others including a "social" approach. 
Examples of studies which have used either the Biggs' SPQ or LPQ and which report that 
surface approaches are correlated low level outcomes while deep approaches are 
correlated with high level outcomes are Biggs (1979,1987a; Watkins, 1983, Trigwell and 
Prosser, 1991a). 
Examples of other studies which have used the Biggs' LPQ to understand the relationship 
between students' lean-ung outcome and learning approaches are Hegarty-Hazel and 
Prosser, 1991a, b; Leong, 1990; KTang (1991); T. Tang (1991), Hattie and Watkins 
(1981); Watkins and Astilla, 1982. 
CONCLUSION FROM TFUS REVIEW 
The above mentioned studies show some of the history and current research aimed at 
understanding students' learning approaches. It also gives the background to the Biggs' 
Learning Processs Questionnaire (LPQ) which is used in this study to to attempt to 
understand the study students' learning approaches and its relation to learning outcome 
in terms of understanding of the nature of chemical reactions. 
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APPENDIX L2 
ME1110D OF TME LFARNING PROCESS QUESTIONNAinRE 
L2.1 Backgmund 
From Appendix L. 1, the studies reviewed have shown that among other factors, students' 
perceptions of the learning situations and task context impinged on the way they go about 
learning, and hence how well they learn (Marton and SaIjo, 1984, Entwistle and Ramsden, 
1983, Biggs, 1987). 
Admittedly, in the search for clues to understand how students learn or not learn, it would 
be useful not just to know the students' perceptions of their chemistry classes but also 
other information such as the effectiveness of the teaching, the characteristics of the 
interaction between the teacher and the students, the aims and expectations that the 
teacher has for each learning situation and so forth. Among other things, it would be 
pertinent to test if there is congruence between the teachers' aim and expectations with 
the actual situation itself, as well as with the students' interpretations of the learning 
situation. However, in this study because the main focus had been on the developing of 
insights into the nature of students' conceptions; and because of practical constraints (such 
as those related to time constraints, and of getting the teachers' concurrence to allow this 
researcher to observe an appropriate number of chemistry classes), only two variables in 
the learning situation have been explored. These are: students' learning approaches and 
students' perceptions of their chemistry classes. Infonnation on these variables were 
gathered by means of the learning process questionnaire (see Appendix L. 3: The Learning 
Process Questionnaire). This questionnaire employs a5 point Likert scale, ranging from 
I to 5. 
The first 36 items of this questionnaire which were aimed at evaluating students learning 
approaches in terms of learning motives and strategies, were taken from the Biggs' 
Lean-fing Process Questionnaire (LPQ), which had been extensively validated (see section 
L. 1). No modifications were made to the borrowed items except for one case, namely 
item 25, where the first two words 'I think' were added, because the fon-n or style of item 
25 seemed to be slightly at odds with the rest of the 35 items, without the two added 
words. 
The last 14 items on students' perceptions of their chemistry classes were designed by this 
researcher and validated by two experts. 
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L2.2 THE AMMMSTRATION OF THE LEARNING PROCESS 
QUESTIONNAIRE 
The learning process questiomaire was given to each interviewee at the end of the upper 
sixth interview session, together with a covering letter (see Appendix 4) and a stamped 
self-addressed envelope. Each interviewee was again assured of the confidentiality of 
his/her responses to the questionnaire; the fact that it was necessary to mark each 
questionnaire by a code in order to facilitate the matching of questionnaire responses with 
interview data was explained. That it was imperative for each interviewee to complete and 
return the questionnaire to the interviewer was also emphasised. 
, A, z ,,, requested 
by the researcher, 44 out of the 48 students completed and returned the 
questionnaire within a few days. Only 4 students needed to be reminded by telephone to 
complete; who subsequently returned the questionnaire. Thus, all 48 questionnaires were 
duly completed and returned. 
L2.3 VAUIDITY AND RELlABHJ[TY OF THE BIGGS' LEARNING 
PROMS QUESTIONNAIRE (I-PQ) 
1he Biggs' Learning Process Questiomaire (LPQ) was the cuhninatim of research which 
extended over a period of nearly 20 years. Its validation and use (together with that of its 
parallel version, the SPQ or Study Process Questionnaire, for use with tertiary students) 
was documented in Biggs (1987), and surnmarised in section L. 1. 
The LPQ and SPQ are essentially based on a motive-strategy model of learning and 
comprise six sub-scales: Surface Motive, Surface Strategy, Deep Motive, Deep Strategy, 
Achieving Motive and Achieving Strategy. The composite of Surface Motive and Surface 
Strategy sub-scales yields the Surface Approach sub-scale; likewise, the composite of the 
Deep Motive and Deep Strategy constitutes the Deep Approach sub-scale, and the 
composite of the Achieving Motive and Achieving Strategy gives the Achieving Approach 
sub-scales. 
The test-retest reliability correlations for Year II (that is, lower sixth form) students, 
available from two independent studies ranged from 0.49 to 0.72 in one study and from 
0.60 to 0.70 in the other. These figures were considered as highly satisfactory, indicating 
that students did display a measure of stability in their motives and strategies (Biggs, 
1987). 
The last 14 items were constructed by this researcher were validated by two expetts III 
the field of education and teacher training, who also crossed-checked the interpretation 
of these items to ensure their reliability. 
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L2.4 ANALYSIS OF DATA FROM THE LFARNING PROCESS 
QUESTIONNAIURE 
The 6 sub-scales on the Biggs' LPQ are presented in the following section, the first item 
Q1 on the questionnaire contains a statement which pertains to the first sub-scale, SM 
(Surface Motive); the second item Q2 pertains to the second sub-scale, SS (Surface 
Strategy); the third item Q3 pertains to the third sub-scale, DM (Deep Motive); the fourth 
item Q4 pertains to the fourth sub-scale, DS, (Deep Strategy); the fifth item Q5 pertains 
to the fifth sub-scale, AM (Achieving Motive); and the sixth item Q6 pertains to the sixth 
sub-scale, AS (Achieving Strategy), then the cycle repeats itself, with the seventh item 
Q7 pertaining to the first sub-scale, SM and so forth. 
Table L. 2 summarises, the computation of the various sub-scales which are based on Q1 
to Q36 of the questionnaire (see Appendix L. 3 for the full questionnaire, which includes 
the covering letter to the respondent). The more detailed description of the computation 
process is then presented in the few paragraphs. 
TABLE L. 2 
COMPUTATION OF SUB-SCALES ON TTIE BIGGS' L13Q 
NAME OF SUB-SCALE COMPUTA'nON OF SCORE 
SM (Surface Motive) Ql + Q7 + Q13 + Q19 + Q25 + Q31 
SS (Surface Strategy) Q2 + Q8 + Q14 + Q20 + Q26 + Q32 
SA (Surface Approach) sm + SS 
DM (Deep Motive) Q3 + Q9 + Q15 + Q21 + Q27 + Q33 
DS (Deep Strategy) Q4 + Q10 + Q16 + Q22 + Q28 + Q34 
DA (Deep Approach) DM + DS 
AM (Achieving Motive) Q5 + Qll + Q17 + Q23 + Q29 + Q35 
AS (Achieving Strategy) Q6 + Q12 + Q18 + Q24 + Q30 + Q36 
AA (Achieving Approach) AM + AS 
The scores on each sub-scale was thus obtained by summing up the scores on each item 
which pertains to it. As the maximum score on each Likert type item is 5 and the 
minimum score is 1, this means that the maximum score on each of the motive or strategy 
sub-scales is 5x6 or 30 and the minimum is N6 or 6. 
The sum of each pair of congruent motive and strategy scores yielded a score on the 
corresponding approach sub-scale. For example, the Surface Approach (SA) sub-scale 
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score was obtained by adding the scores on the Surface Motive (SM) and Surface Strategy 
(SS) scores; the Deep Approach (DA) sub-scale score is obtained by adding the scores 
on Deep Motive (DM) and Deep Strategy (DS) sub-scales; and the Achieving Approach 
(AA) sub-scale score is obtained by adding the scores on the Achieving Motive (AM) and 
Achieving Strategy (AS) sub-scales. 
The items Q37 to Q50 were examined individually and then together to build up a 
snapshot idea of the kinds of perceptions that the students had of their chemistry classes. 
362 
APPENDIX W 




Thank you very much for the many interesting ideas and precious time you have given 
in the interviews. 
Aernentioned before, this research looks at not only students, ideas about chemistry but '1 10 
also attitudes and ways of learning the subject. 
As a finther contribution to the research, it would be most helpful if you could make just 
a little more of your valuable time available to complete the attached questionnaire. 
It is a simple questionnaire, not about your knowledge of Chemistry, but about how you 
leam Chemistry. 
I would be most grateful if you could return the completed questiomaire WITHN THE 
NEXT FEW DAYS to: 
Miss Hong Kwen Boo 
William Goodenough House 
Mecklenburgh Square 
London WCIN 2AN 
I am enclosing a stamped addressed envelope. 




APPENDIX L3 (CONT. ) 
UIE LEARNING PROCESS QUESTIONNAIRE (LPQ) 
This questionnaire contains a number of questions about your attitudes towards 
your studies and your usual ways of learning in school. 
There is no RIGITr way of going about your learning. It all depends on what 
suits your own style and the subjects you are studying. The following questions 
have been carefully selected to cover most aspects of your schoolwork and your 
answer to each question is important. If you think your answers to a question 
would depend on the subject being learnt, give the answer that would apply to 
learning Chemistry at A-level. 
HOW TO ANSWER 
For questions 1-49, there is a row of numbers ranging from one to five: 
1 
A response is shown by circling the number which is closest to the way you want 
to respond. 
The numbers stand for the following responses: 
I- this statement is NEVER or ONLY RARELY true 
2- this statement is SOMETIMES true 
3- this statement is true about HALF THE TINE 
4- this statement is FREQUENfLY true 
5- this statement is ALWAYS or ALMOST ALWAYS true 
EXANTLE 
I study best with the radio on. 
If this is almost always true of you, you should circle 5, thus: 
1 
If you only sometimes study well with the radio on, you should circle 2, thus: 
1 
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Underline the number that best fits your FIRST reaction - dodt spend a long time 
on any question, and answer every question. 
For question 50 there is a slightly different form of response which is explained 
on the last page of this questionnaire. 
Do not worry about what you think your teachers or anyone else nught want you 
to say. Your answers are CONFIDENTIAL. 
Thank you very much for your help and co-operation. 
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LEARNING PROCESS QUESUONNAIRE Serial No. 
1.1 chose my present subjects mainly to help me get a good job when I leave 
school, not because I'm particularly interested in them. 
12345 
2.1 find that my school work can give me a feeling of real satisfaction. 
12345 
3.1 try to obtain high marks in all my subjects because of the advantage this gives 
me in Competing with others when I leave school. 
12345 
4.1 tend to study only whafs set; I dont do anything extra. 
12345 
5. While I am studying, I try to think of how useful the material that I am 
learning would be in real life. 
12345 
6.1 regularly take notes from suggested readings and put them with my class 
notes on a topic. 
1 
7.1 am upset by a poor mark on a test and worry about how I will do on the next 
test. 
12345 
8.1 feel I have to say what I think is right, although others may know better than 
i do. 
12345 
9.1 really want to do better than anyone else in my school work. 
12345 
366 
10.1 fmd that the best way to learn many subjects is to memorise them by heart. 
12345 
11. In reading new material, I am reminded of things I already know, and see 
them in a new light. 
1 
12.1 try to work solidly throughout the term and revise regularly when the exams 
are close. 
1 
13. Whether I like it or not, I can see that studying is for me a good way to get 
a well-paid or secure job. 
1 
14.1 find that many subjects can become very interesting once you get into them. 
12345 
15.1 like the results of tests to be put up publicly so I can see by how much I 
beat some others in the class. 
1 
16.1 prefer subjects requiring me to learn facts and details, to subjects requiring 
a lot of reading and understanding. 
1 
17.1 like to do enough work on a topic to forin my own point of view before I 
am satisfied. 
1 
18.1 try to do all of my assigments as soon as they are given to me. 
12345 
367 
19. Even when I have studied hard for a test, I worry that I may not be able to do 
well on it. 
12345 
20.1 find that studying some topics can be really exciting. 
12345 
21.1 would rather be highly successful in school than be popular with my class 
mates. 
12345 
22. In most subjects I try to do enough just to make sure I pass, and no more. 
12345 
23.1 try to relate what I learn in one subject to what I have learned in other 
subj ects. 
12345 
24. Soon after a class or lab, I re-read my notes to make sure I can read them and 
understand them. 
12345 
25.1 think that teachers should not expect A-level students to work on topics that 
are outside the set course. 
12345 
26.1 feel that one day I nýight be able to change things in the world that I see 
now to be wrong. 
12345 
27.1 will work for top marks in a subject whether or not I like that subject. 
12345 
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28.1 find it better to learn just the facts and details about a topic rather than try 
to understand all about it. 
12345 
29.1 find most new topics interesting and spend extra time trying to fmd out more 
about them. 
12345 
30. When a test is returned, I correct all the errors I made and try to understand 
why I made them. 
12345 
3 1.1 will continue my studies only for as long as necessary to get a good job. 
12345 
32. My main aiirn in life is to fmd out what to believe in and then to act 
accordingly. 
12345 
33.1 see doing well in school as a competition, and I determine to win. 
12345 
34.1 dont spend time on lean-ling things that I know wont be asked in the exams. 
12345 
35.1 spend much of my free time firlding out more about interesting topics which 
have been discussed in different classes. 
12345 
36.1 try to read all the references and things my teacher says we should. 
12345 
37. Our chemistry teacher gives us lots of notes to study from. 
12345 
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38. Our chemistry theory lessons consist of lectures or talks by the teacher. 
12345 
39. In our chenýstry lab work we are given instructions which tell us exactly what 
to do. 
1 
40. There are adequate opportunities for us to raise questions during chemistry 
lessons. 
1 
41. In class our chemistry teacher asks questions to test our recall of knowledge. 
12345 
42. In class our chemistry teacher asks questions which make us think. 
1 
43. Our chemistry teacher sets us assignments or homework which require us to 
work cooperatively in pairs or small groups. 
12345 
44. Our chemistry teacher sets us assignments or homework which require us to 
work independently or individually. 
1 
45. In our chen-fistry lab work we work individually. 
1 
46. In our chemistry lab work we work in pairs Or small grOUPS. 
1 
47. In our chernistty lab work we have to think alot about the ideas involved. 
12345 
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48. In our chemistry lessons, lab work and theory are kept quite separate. 
12345 
49. Discussing chemistry ideas with other students helps me in my learning of 
chemistry. 
1 
For question 50, the numbers stand for the following responses: 
1- less than once a week 
2- once a week 
3- twice a week 
4- once a fortnight 
5- more than twice a week 
50. Further work in chemistry (eg homework, project work, summaries, fijfther 
reading, preparing for tests) are set 
12345 




FEXDINGS, BASED ON THE 
LEARNING PROCESS QUESTIONNAIRE 
Section LAI presents fmdings related to students, learning approaches, based on 
the analysis of the first 36 items of the LPQ. 
Section L. 4.2 presents fmdings related to students, perceptions of their chemistry 
classes, based on the analysis of the last 14 items of the LPQ. 
L4.1 STUDENTS'ILFARNING APPROACBES 
One way analysis of variance on each lean-iing motive-strategy-approach subscale 
was carried out via the Minitab software, samples of which are at section L. 4.3. 
Table LAI presents the mean scores on each of the learning motive-strategy- 
approach subscales, by school with p values of significance. 
TABLE L. 4.1 




sm ss SA DM DS DA AM AS AA 
C 22 16 38 23 17 40 17 17 34 
R 16 13 29 20 19 39 17 19 36 
p 18 15 33 20 18 38 20 17 37 
E 17 13 30 22 22 44 20 23 43 
S 21 15 36 22 18 40 20 21 41 
p . 025 . 085 OOS . 258 . 123 . 396 . 383 . 077 -144 
Lc)oking at data on the 3 main learning approach subscales (SA, DA and AA) 
there appeared to be significant difference (psý--D. 05) between the schools on only 
the surface approach (SA) subscale; the difference was due mainly to the higher 
scores in school C and S compared with the relatively lower scores in schools R 
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and E. 
L4.2 STUDENTS'PERCEPTIONS OF THEIR GJEMTRY CIASSES 
The following Table L. 4.2 present mean scores on each item Q37 to Q50 by 
school, showing also p values of significance. 
TABLE L. 4.2 
MEAN SCORES ON Q37-Q50 BY SCHOOL 
School\Q Q37 Q38 Q39 Q40 Q41 Q42 Q43 
C (n--9) 4.0 4.4 3.6 4.1 3.1 3.2 1.4 
R (n=6) 4.0 4.0 3.7 4.8 4.0 3.8 1.5 
P (n=IO) 4.2 2.7 4.4 3.8 2.9 3.4 1.2 
E (n--10) 3.2 3.4 3.6 4.3 3.8 4.0 2.2 
S (n--13) 4.0 2.5 4.3 4.5 4.0 3.8 1.8 
p1 . 137 . 010 . 023 . 385 . 068 . 662 . 060 
TABLE L. 4.2 (CONT. ) 
School\Q. Q44 Q45 Q46 Q47 Q48 Q49 Q50 
c 4.3 4.3 1.7 2.9 3.3 3.8 3.7 
R 4.5 1.8 4.3 3.3 1.5 3.5 2.8 
p 4.7 3.2 3.0 2.7 3.1 4.6 2.9 
E 3.5 2.4 4.0 3.6 2.0 4.2 4.6 
s 4.7 3.0 3.6 3.5 2.2 4.1 3.6 
1p1 0 19 1 000 1 000 1 . 267 
1 
. 007 
1 . 295 1 -018 
From Table L. 4.2 it appears that there are significant differences (p:!: 'ý:, 05) among 
the schools on seven items, i. e., Q38, Q39, Q44-46, Q48 and Q50; and on three 
other questions, Q37, Q41 and Q43 there are also some fairly significant 
differences. 
373 
However, the results are inconclusive because there appear to be no significant differences on any of the items between the good schools (ie R and P) on one hand and the weak schools (C and E) on the other hand. 
L4.2.1 ENIFERPREUTION OF SCORES ON ITENTS Q37-Q50 
On Q38, the frequency of teacher talk, on which there was significant difference 
between schools, school C had the highest score (4.4, which coincided with this 
researcher's observation) while schools P and S had the lowest scores (2.7 and 2.5 
respectively). 
Q39, on whether students were given exact instructions in lab worký all schools 
scored high (around 4); schools P and S had the highest scores (4.4 and 4.3 
respectively) while the scores for the other three schools C, R and E were 3.6,3.7 
and 3.6 respectively. 
On Q44 the scores were all high (between 4 and 5) indicating that in all five 
schools students were given homework or assignments which almost always or 
frequently involved individual work. 
On Q45 the significant difference appears to be mainly between schools C and R, 
with scores in school C much higher than those in school F, which seems to 
indicate that students in school C perceived that they work individually more often 
than students in school R- The mean scores of the other three schools were 
sandwiched between those of schools C and R- 
Students' responses on Q46, offer a good consistency check on the students' 
responses, since it is an item testing the converse of Q45, i. e., it is about doing 
work in pairs or small groups in the chern lab. The scores on Q46 seemed to be 
the converse of those in Q45 showing that students seemed to be rather consistent 
in the way they were responding to the items on the questionnaire. However, it 
is a pity that there is an oversight here on the part of this researcher in not placing 
Q45 and Q46 firther apart on the LPQ which might limit its usefulness as a 
parallel item for checking consistency. In other words, students in school R 
seemed to think they were doing work in pairs or small groups more often than 
those in school C. 
On Q48, again the significant difference seemed to be between schools C and p 
as a higher group (i. e., the two all-girls schools) and the other three coed schools. 
It seems to indicate that students in schools C and P seemed to think that their 
chemistry lab work and theory are kept separate more often than students in the 
other three schools. In the case of schools R and E, it was not surprising that there 
appeared to be integration of lab work with theory lessons because of the structure 
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of the Nuffield A-level chemistry curricula. However, it was interesting to note dia while following the same syllabus, students in school S seemed to think there 
was more integration of their lab and theory work than students in school p. 
On Q50, there seemed to be significant difference in the students, perceptions 
about frequency of follow up work in chemistry. Students in schools R and P (the 
two schools which showed the most progression) seemed to think they were given 
follow up work twice a week, while those in school E seemed to think they were 
given work more than twice a week. Students in schools C and S seemed to think 
that they were given follow up work about once a fortnight. 
On Q41 where there is again some school differences (p: D. 1) though not as 
significant as the first lot of 7 items, the difference seemed to be between two 
groups (school C and P, the two all-girls schools) and the other three schools 
which were coed schools. Students in the latter group of schools seemed to think 
that they were given questions to test their recall of knowledge more often than 
the students in the two all-girls schools. 
On Q43 there is again some school difference (p<-O. 1). Q43 is related to Q44, and 
concerns the students' perceptions of whether the teacher sets assigriments or 
homework which require them to work cooperatively in pairs or in small groups. 
The mean scores on Q43 for all schools were fairly low, ranging between 1.2 and 
2.2, compared compared to those for Q44, which ranged between 3.5 and 4.7, and 
which again provides some indication of the consistency in the students' responses. 
The overall picture given is that in practically all the schools, chemistry homework 
and assignments were pretty much individual work, with little paired or small- 
group work. 
On Q37 (with ap value of about 0.1, indicating a small degree of significance 
between schools) mean scores of the four schools, C, R, P and S were each 
around 4, indicating that their students perceived that their chemistry frequently 
gave them lots of notes to study from. School E had a mean score of 3 indicating 
that its students seemed to think that their teacher gave them lots of notes only 
about half the time. 
INFORMATION FROM TUE REST OF TBE ITEMS 
Q40 the mean scores for all schools were high, between nearly 4 and nearly 5. 
School R has the highest mean score of 4.8 (followed very closely by school S), 
while the means for the other three schools were around 4, indicating that students 
in school R (and S to some extent) perceived that there were opportunities for 
them to raise questions during chemistry lessons more frequently than students in 
the other four (three) schools. Again the students' responses are in accordance with 
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this researcher's observation or perception that in schools R and S, (which are the 
only two sixth form colleges), the teachers seemed to be adopt a less authoritative 
stance, and seemed "less stand-offish" or more "approachable" and "friendly" with 
the students; and also with this researcher. 
On Q42 the mean scores for the three coed schools (R, E and S) were all around 
4, while those for the two all-girls schools (C and P) were around 3, indicating 
that the students in coed schools seemed to perceive that they were given 
questions which make them think more often than the students in the all-girls 
schools. 
On Q47, which is the parallel to Q42, except that it refers more specifically to lab 
work, again the mean scores for the two all-girls schools were lower than those 
in the other three schools, indicating that students in coed schools seemed to 
perceive that they were made to think a lot about the ideas involved in chemistry 
classes more frequently than students in the all-girls schools. Again the students 
responses to both Q42 and Q47 were in congruence, again pointing to the 
reliability of the students responses. 
On Q49 the scores were all similarly high, between 4 to 5, indicating that the part 
played by discussing with friends is perceived as helpful in promoting chemistry 
learning in all 5 schools. The mean score of school P was the highest, 4.6 while 
that for school R was 3.5. one unit less. However, when mean scores were 
rounded off to the nearest integer, it appears that there were no difference between 
the other 4 schools, C, F, E and S, while that of school P was the highest. This 
seems to indicate that students in school P perceived that discussing chemistry 
ideas with other students help them in chemistry learning more than students in 
other schools. This finding is again in line with this researcher's observation that 
in school P there were not only an unusually small number of students (10 girls 
in the entire school) sitting for the impending A-level chemistry examinations, but 
that the classes and rooms were structured in such a way that these ten 
interviewees, had opportunities to discuss (for example, these girls had their own 




ANALYSIS OF VARIANCE ON SURFACE APPROACH (SA), DEEP APPROACH 
(JE)A) AND ACIHWMG APPROACH (AA) 
, NALySIS 
OF VARIANCE ON SA 
ýouRCE DF ss Ms 
CHOOL 4 429.4 107.3 
RROR 43 1174.1 27.3 
OTAL 47 1603.5 
LEVEL N MEAN STDEV 
1 9 37.667 4.444 
2 6 29.167 5.707 
3 10 33.300 6.684 
4 10 30.300 5.638 
5 13 35.615 3.709 
)OLED STDEV = 5.225 
Fp 
3.93 0.008 
INDIVIDUAL 95 PCT CI'S FOR MEAN 
BASED ON POOLED STDEV 
------------------------------------- 
------------------------------------- 
25.0 30.0 35.0 40.0 
IALYSIS OF VARIANCE ON DA 
, URCE DF ss ms 
HOOL 4 187.2 46.8 
ROR 43 1926.7 44.8 
TAL 47 2113.9 
EVEL N MEAN STDEV 
1 9 39.333 5.050 
2 6 38.500 6.442 
3 10 38.400 6.535 
4 10 43.800 6.015 
5 13 40.538 8.192 
)LED STDEV = 6.694 
LYSIS OF VARIANCE ON AA 
RCE DF ss Ms 
1 262.2 262.2 
A 46 3293.3 71.6 
kL 47 3555.5 
FEL N MEAN STDEV 
0 35 36.971 8.511 
1 13 42.231 8.318 
ýED STDEV 8.461 
Fp 
1.04 0.396 
INDIVIDUAL 95 PCT CI'S FOR MEAN 




35.0 40.0 45.0 50.0 
Fp 
3.66 0.062 
INDIVIDUAL 95 PCT CI'S FOR MEAN 
BASED ON POOLED STDEV 
------------------------------------- 
------------- * ------------ 
------------------------------------- 
35.0 38.5 42.0 45.5 
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APPENDIX L6 
PROFHJES OF STUDY SCIMLS 
L6.1 PROFILE OF SCIML C 
School C is a comprehensive, voluntary-aided, Roman Catholic School, all-girls, 
includes junior school till 6th form (aged 11- 18 years); general ethos of the school 
seemed good/very good; the girls seemed disciplined and orderly. 
The following information was extracted from The Times Educational Supplement 
20 November 1992: Complete Guide to Public Examination Results 1992: "School 
C had 119 pupils aged 15,76% scored 5 A-C passes in GCSE; 84 pupils aged 17, 
93% taking AAS level, average points per AAS candidate is 12.5 pts. " 
Of the 9 interviewees, only one chernistry as a single science sub ect in GCSE, j 
for which she scored a grade U. The other 8 girls took coordinated science at 
GCSE for which grades scored are: 3As, 3Bs and 2Cs. 
The following table shows the GCSE science subjects and grades scored; also the 
grades for A-level chemistry predicted by students themselves and by their 
teacher, mr c. 
TABLE L. 6.1 
GCSE SUBJECTS AND GRADES; A-LEVEL CHENUSTRY GRADES PREDICTED BY 
STUDENT'S TIFIEMSELVES AND BY THEIR TEACHER: SCHOOL C 
Student GCSE sc 
subj. 
GCSE grade Self-predicted grade 
for A-level chemistry 
teacher predicted grade 
for A-level chernistry 
C4 chem. B B C 
C6 coord sc C A A 
C8 coord sc A A B 
CIO coord sc B B or C C 
C12 coord sc C B B or C 
C14 coord sc A A or B A 
C16 coord sc B A B 
C18 coord sc B B or C B or C 
C20 coord sc A B or C A 
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In the following year, according to 'The Sunday Times' 22 August 1993 issue this 
school was ranked as one of the best 253 in ten'ns of A-level results in England, 
Wales and N. Ireland, with 30% of the A-level entries (i. e., about one-third) 
passing at grades either A. or B, and 73% at grades A-E. This result was in 
improvement over the Previous year's result, and compared favourably with the 
results in the top state school Colchester County Mgh, which has 69% or about 
two-thirds of its entries scoring either grade A or B, and 95% at grades A-E. 
This school was doing the Cambridge Syllabus, 9250, exactly the same one that 
is currently being used in Singapore. As an teacher from 1978 to 1984,1 taught 
A-level chemistry students this syllabus; over that period, I also used essentially 
the same textbooks and reference books that were still being used here in school 
C and the other study schools here in the UK, and included the main books used 
in school C such as ffill and Holman (1978); Atkins et al. (1990). 
There was only one senior chemistry teacher, Mr C, who taught both L6 and u6, 
with about 30 students at each level, and he was the only teacher teaching at A- 
level chemistry. He told me that he was due to retire in the next year or so and 
had began to collect materials to write chemistry books during his retirement. 
He gave me time to address students before the interview, to explain what my 
intentions were and so on. Practically all the girls were very fiiendly and helpful; 
only one out of the 10 was not interviewed in U6 - C2 who forgot her first 
appointment, and then was absent from school on the day of second appointed 
time. 
During the first round of interviews which lasted a week, Mr C. was in a very 
foul mood. VVhile waiting for students or during lull periods between interviews, 
I overheard him shouting over the phone at his lab assistant who had taken sick 
leave for some long period (she was off-work during the entire 6 days I was 
there). He told me 'take the girls, do what you want with them, but dodt come 
and bother me'. I did not dare bother him but spent time brousing through the 
books and reference materials he had in his office which was also the chemical 
prep room. The place seemed so small and cluttered. 
The L6 interviews were conducted in a not very conducive environment because 
they were done in the very small prep room where the phone occasionally rang 
and I had to stop my interviewing to take phone messages; sometimes we had to 
contend with someone speaking through the phone. 
The U6 interviews were much better, thanks to the Mh S., the lab assistant whom 
I did not meet during my L6 interviews. Mrs S. booked a small interview room 
for me, away from the chern lab and noise. Some advantages however of having 
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the interviews in the prep room were: 
I was able to listen to the chemistry lessons next door 
I was able to survey the teachers books and references, materials etc lying 
about. 
enjoyed myself talking to the girls each of whom spent at least an hour with me. 
rhey seemed very earnest and honest and were genuinely engaged in thinking and 
verbaiising; seemed not at all bothered whether my accent was different. This I 
suspect could be due to two reasons: 
there were Asians and foreigri students in the school, hence the students 
were used to dealing with foreigners like me; 
some seemed all the more interested in talking to me because my accent 
was novel to them. 
During the U6 round of interviews, Mr C. seemed more friendly and helpful and 
allowed me to ask him some questions about my interviewees, and his teaching 
methods. From my informal conversation with him, and also from my infortnal. 
'observation! of his lessons, it appeared that Mr C. believed that the best way to 
learn was by good exposition (didactic teaching) on his part, complemented with 
regular assignments specially selected to cover key concepts, and regular lab work 
to train students in essential scientist's skills. He said he regularly 'hounded the 
girls to make sure they hand in their homework assignments'. He was a great 
believer in homework, and was proud of the fact that most of the exercises and 
homework he gave the students were his very own, i. e., not taken from textbooks 
or reference materials. He was extremely reluctant to provide me with samples of 
the worksheets he set the students because he said he was retiring soon and 
planned to write his own textbooks for chemistry. With the few samples he gave 
me, he strongly reminded me of his ownership of the copy rights. 
Ihe few sample worksheets he gave me revealed mainly questions on factual 
details being asked. 
I conducted additional interviews with two U6 mterviewees, C4 and C20 on the 
kinds and modes of feedback they had from their teacher on chemistry 
assignments, lab exercises, etc. Among other things, they confmned that: 
most of their chemistry assigriments, and exercises were the teachers own, 
i. e., not taken from commercial books or texts; 
all assignments were required by teacher to be regularly handed in; these 




Students from this school seemed to have significantly higher scores on surface 
approaches compared to students from the other four schools. On the deep and 
achieving approaches, there were no significant differences between schools. 
Among the three basic learning approaches (SA, DA and AA), their scores for DA 
were the highest (40), followed by SA (38), then AA (34). 
The higher scores on surface approaches of students in school C compared to 
those of students in the other four schools seemed to be correlated with the lower 
scores in terms of KEs at both U6 and L6 levels. 
PERCEPTIONS OF CHEMSMY LESSONS 
From the completed questionnaires of the 9 interviewees, from the school, overall 
their perceptions of the chemistry class was that they: 
were fi7equently given lots of notes; 
frequently had theory lessons comprising teacher talk; 
frequently had practicals in which exact instructions were given ie 
'cookboole type practicals; 
frequently opportunities to raise questions; 
about half the time given recall questions in class; 
about half the time given thinking questions in theory and lab lessons; 
frequently given individual assigm-nents as well as individual lab work; 
had theory and lab work kept separate for half the time; 
frequently found that discussing chemistry ideas help them in leaming 
chemistry; 
were given homework once a fortnight. 
L6.2 PROFILE OF SCIML R 
R is a sixth form college; in the 1993 A-level exams, the school had 768 
candidates, and the average score per candidate was 13.4 points. I met 4 chemistry 
teachers, including head, Mr. P, and two chern lab staff Ms N. and Ms H. The 
teachers were generally friendly, helpful, were interested in, and supportive of, my 
research at the school. They seemed to know their students well, even at the L6 
level. Rey seemed to provide a friendly and supportive learning environment for 
the students. I was impressed by the fact that the science department was able to 
provide a science tutorial period every day for students who needed extra help or 
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tuition in any of their science subjects. 
The school followed the Nuffield A-level Chemistry Syllabus. I was given the 
scheme of work on my first visit to the school and brought round to see the 
science teaching resources which was very impressive. They had a lot of modem 
equipment (including a mass spectrometer) and a good stock of audio-visual 
materials and interactive independent leaming programmes for leaming various 
chemistry concepts. According to Mr P the chemistry teachers essentially tried to 
use a variety of teaching approaches to cater for the different leaming preferences 
of students. 
TABLE L. 6.2 
GCSE SUBJECTS AND GRADES; A-LEVEL CHEMISTRY GRADES PREDICTED BY 
STUDENTS TIFIENISELVES AND BY TTIEIR TEACHER: SCHOOL R 





for A-level chen-ýistry 
Teacher-predicted grade 
for A-level chen-ýistry 
RI coord sc A B A 
R5 coord sc A A A 
R7 coord sc A A A 
R2 coord sc A B C 
R4 coord sc A A A 
R6 coord sc A C B or C 
LEARNING APPROACHES 
Students from school R like those from school E had the lowest scores on surface 
approaches among the five schools, indicating low surface approaches. 
Among the three basic lean-fing approaches (SA, DA and AA), their scores for DA 
were the highest (39), followed by AA (36), then SA (29). 
Re relatively high scores on the deep approaches is correlated with their high 
total U6 KE scores as well as with their high progression scores. 
PERCEPTIONS OF CIIEMISTRY CLASSES 
The students perceived that they: 
were frequently given lots of notes to study from; 
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frequently had theory lessons comprising teacher talk; 
frequently had practicals in which exact instructions were given; 
almost always had opportunities to raise questions in class; 
were frequently given recall questions in class; 
were frequently given thinking questions (questions other than recall, i. e., involving comprehension, application and so forth) during theory-lab 
lessons; 
were frequently given individual assignments as well as individual lab 
work; 
frequently had theory and lab work integrated; 
frequently found that discussing chemistry ideas help them in chemistry 
learning; 
were given homework twice a week. 
The students perceptions of being frequently given questions which involved both 
recall and higher order thinking also coincided with this reseachees observation 
that there seemed a good amount of teacher-student interaction in chemistty 
classes. 
The overview of students' perceptions together coincides with this researchds 
observation that teachers and students seemed purposeful and committed to 
excellence in performance. 
L6.3 PROFRE OF SCHOOL P 
School P is an independent, fee paying, all girls school. Its junior department 
(aged 5- 10) included reception, kindergarten, transition, comprised about 220 girls. 
Its senior dcpartment comprised about 600 girls (aged 11-18), including on 
average 150 in the sixffi form. Entry is competitive at all levels. 
In the GCSE exams 1992, the school was ranked first of 23 schools which were 
within the same London borough. It had 72 pupils aged 15, and had 92% of 
grades A to C GCSE passes. At the same time it had 72 students aged 17,99% 
took the AAS level exams, and the average score per candidate was 19.6 pts. 
A-level chemistry was taught by 2 teachers, Mrs S. and Mis 0. There were five 
theory and three practical lessons a week each period lasting 35-40 minutes. 
According to the teachers, students were taught that "chemistry is not just a 
collection of facts, but will also be exposed to the available theories" where they 
will fmd that "there are grey intermediate areas as well as the black and white 
ones that they are familiar with and are expected to adopt a questioning attitude 
throughout the course" and develop powers of independent thought. There was 
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only one chemistry lab staff, Mrs B. who was very helpful. in 1992/93 there were 
only 12 L6 students; in U6 two of them dropped A-level chemistry. 
The syllabus taught was the "traditional" London Syllabus, 9080, (same as in 
School S) which is not very different from Nuffield Syllabus. 
The assessment consists of three theory papers (80%) and an internal assessment 
of practical work (20%). Mrs 0. said they had been using present syllabus for 
long time, about 10 years at least. 
The teachers in the five study schools seemed to use more or less the same sort 
of reference books for theory as well as practical work. 
The two teachers seemed unhappy about the change in the school whereby at 
GCSE no single science subjects were allowed to be taken. Instead, all students 
must take the Nuffield Coordinated Science course up to the 5th form, for which 
9 periods a week were allocated. Previously only I science subject need be taken; 
the change means that coordinated science would take up 9 periods, which mean 
some students who like arts subjects would have less time on arts subjects. 
I like all my 10 interviewees. All tumed up on time, were very eamest, and 
serious, for both sessions. Their attitude seemed to reflect the general ethos of the 
school, everyone seemed to be serious, positive, very task-oriented, committed to 
work and to making schooling a success. 
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TABLE L. 6.3 
GCSE SUBJECTS AND GRADES; A-LEVEL CHEMISTRY GRADES PREDICTED BY 
STUDENTS THEMSELVES AND BY TI]EIR TEACHER, SCHOOL P 
Student S tudent GCSE science 
subject 
GCSE grade self-predicted grade 
for A-level 
chemistry 
teacher predicted grade 
for A-level chemistry 
FFP2 
chemistry B C B 
P4 P4 chemistry A A or B A 
P6 P6 chemistry A A A 
P8 chemistry A A or B A 
PIO chemistry A A A 
P12 chemistry A A A 
P14 chemistry B B or C B 
P16 chemistry B B or C B 
P18 chemistry A A A 
P20 chemistry B B B 
LEARNING APPROACHES 
Students from school P had almost similar scores on DA (39) and AA (37), and 
lower scores on SA (33). 
The relatively high total KE and progression scores are understandable from the 
point of view that it was a selective school, with very good intake of students. As 
can be seen all these students took chemistry as a single science subject at GCSE 
and all scored either A or B. 7hus, their high total U6 KE scores as well as high 
progression scores can probably be explained by their prior entry behaviour as 
well as their higher orientation to deep and achieving approaches vis-a-vis surface 
approaches. 
PERCEPTIONS OF CUEMIS'IRY CLASSES 
frequently given lots of notes 
frequently had theory lessons comprising teacher talk 
frequently had 'cookboW t)W practicals 
frequently had opportunities to raise questions 
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about half the time given recall questions in class 
about half the time given thinking questions in theory and lab lessons 
almost always given individual assignments while lab work was done in 
pairs/small groups half the time, the other half was lab work done individually 
theory and lab work were integrated half the time, the other half theory 
and lab kept separate 
almost always true that discussing chemistry ideas with other students help 
chemistry learning 
given homework twice a week 
L6.4 PROFRE OF SCIML E 
School E is a county comprehensive mixed school for pupils aged II- 18 years. 
The school was using the Nuffield A-level Chemistry Syllabus, same as School 
R Teachers followed the textbooks very closely; and there were no separate 
schemes of work drawn up. There were two teachers teaching chemistry at the 
sixth form, Mr P. and Mh K- Mr P., head chemistry, taught all of organic 
chemistry topics and Mh X, head of science department, taught all the rest of the 
topics. The teaching method was essentially clear exposition by the teachers with 
lots of question-and-answer in lab-class periods. The two teachers were both very 
busy, rushing from the sixth form campus to lower school which was about 10 
minutes drive away, all the time; in fact the two chemistry teachers seemed to 
come over to sixth form campus only for their lessons, and they then rushed back 
to lower school, where they had to teach students in the lower levels, and where 
all or most of the school's activities were. Mr R-, the lab staff, was very helpful; 
he prepared the materials and apparatus which I needed and helped me tracked 
down some students who forgot appointments. 
I was told that the students would be taught the option on Food Chemistry after 
the summer holidays in the L6. My interview-cum-waiting room was the chem. 
prep room, just next to chem. lab, where I was able to listen in to lessons. Both 
Mr P and Mh K seemed to adopt a very didactic teaching approach with a lot of 
teacher talk and then calling upon students now and then to check that they were 
following the teacher's exposition and explanations. Both teachers had clear 
powerful voices and seemed to command the respect of the students, who seemed 
engaged productively during lessons. 
From discussion with teachers, I learnt that Assessment includes Hypothesis 
Formulation, 'Ibeorising, How to write proper language. I also learnt that Mock 
A level Exams would be taking place in early December. 
The chemistry head, Mr P. seemed effective and influential in organic chemistry 
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so that most interviewees seemed to be talking in ten-ns of partial charges, 
nucleophilic reactions and the like, when they were referring to the mechanism of 
combustion reactions, which should be more appropriately conceived in terms of 
free radicals! 
According to 'fhe Times Educational Supplement guide to public exams published 
on 20 November 1992, the school had 154 pupils aged 15; and had 34% scored 
5 grade A to C passes in GCSE exams; it also had 76 pupils aged 17, and 93% 
taking the A/AS level exams, for which the average score was 12.9 points per 
candidate. 
The following table 11.18 presents the GCSE science sub ects and grades scored, j 
plus the grades that the students predicted for themselves for chemistry in the 
coming exams. The teacher predicted grades were not available. 
TABLE L. 6.4 
GCSE SUBJECT'S AND GRADES; A-LEVEL CHEMISTRY GRADES PREDICTED BY 
STUDENTS THEMSELVES AND BY THEIR TEACHER: SCHOOL E 
Student GCSE science subject GCSE grade Self-predicted grade for 
A-level chemistry 
El coordinated science B B or C 
E3 coordinated science A A 
E5 coordinated science B D or E 
E7 chemistry A A 
Ell chemistry B B 
E17 coordinated science A A or B 
E19 coordinated science C C 
E2 coordinated science A C 
E6 coordinated science A C or D 
ElO coordinated science B D 
El, E5 and El I at the U6 level told me they wanted to drop chemistry as soon 
possible (i. e., after the A-level examinations) El and E5 wanted to do mathematics 
& computing while El I wanted to pursue further education in physics, inspite of 
the fact that he liked organic chemistry. El and E5 did not like chemistry. They 
saw it as very diffich to understand. El told me I should have gone to interview 
them nearer their A-level exams because they he would be better able to handle 
my questions. I found it quite a challenge trying to be perservering and persistent 
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in going through my interview schedule with these three students, in the face of 
their obvious lack of interest in chemistry. 
I was particularly surprised and slightly taken back by El's change in his attidue 
towards me and the whole U6 interview. At the L6 interview, I found him very 
easy and enjoyable to talk to. He seemed to have lost his interest and confidence 
in the subject over the period between the two interviews. 
All the other students were very helpful and enjoyable to talk to, in particular E3, 
E7, E2, E6 and E10. 
LEARNING APPROACHES 
On surface approaches, students in school E had the lowest scores (30), together 
with those in school R (29). At the same time, school E scored higher than the 
other four schools on deep approach (44). On achieving approach, again school 
E scored higher than the other four schools (43). 
PERCEPTIONS OF CIIEMISTRY CLASSES 
The following are a summary of the students' perceptions of their chemistry 
classes based on their responses on Q37-Q50. They perceived that they: 
i were given lots of notes to study from about half the time; 
had theory lessons comprising teacher talk about half the time; 
had lab work and theory work separate for less than half the time, i. e., 
indicating that the lab work and theory work must be integrated for much 
of the time; 
frequently had 'cookbook' type practicals; 
frequently both in lab and theory work there were oppoftunities for them 
to develop thinking (not mere recall) skills; 
were frequently given questions which tested recall; 
were frequently given opportunities to raise questions in class; 
were frequently given lab and other class assignments which involved 
them in individual rather than paired or small-group work; 
frequently found that discussing chemistry ideas help them in chemistry 
learning; 
were given homework more than twice a week. 
L6.5 PROFILE OF OF SCIML S 
School S is a sixth form college (like school R), in the 1992 exams it had 296 
students aged 17,71% taking AAS level, average score per candidate was 10.5 
388 
points. 
It is a Roman Catholic voluntary aided college, with open access policy, no tuition 
fees for students aged 16-18 years. All applicants were interviewed prior to 
admission. The level and t)W of course which a student chooses is the result of 
discussions involving the student, his/her parents, the 11- 16 school and the 
College. Such provisional decisions are to a large degree dependent upon 
performance in the GCSE examinations. 
In the 1993 exams 193 candidates, average score 12.6. 
Entry requirements for A level Chemistry is a GCSE grade A-C in chemistry or 
double certificate in science, with a minimum of grade C. In addition, 
consideration may be given to other students under certain circumstances. The 
two-year chemistry course follows the University of London Syllabus 9080. 
According to the syllabus, "it follows in naturally for students who have 
successfully demonstrated their skills and abilities at GCSE level. At A-level, 
students will be expected to solve problems within a chemical context and to show 
awareness of the place of chemistry in society. " The A-level chemistry course 
"emphasises the students own role in the leaming process and provides continual 
assessment of the student! s progress throughout the course". The examination 
consists of three written papers (80%) and an assessment of practical work (20%). 
I met 3 chemistry teachers: Mr G., Mr. B. Mr P.. The chem lab staff, Mr 0. was 
very reluctant to help me get the chemicals and apparatus. 
According to a the School's Newsletter, November 1993 Issue: "A record 90% of 
the sixth form college's 200 plus A-level students obtained pass grades in the 1993 
exams. The percentage A-level pass-rate was 10% above the national average for 
schools and significantly above the national pass rate above the state sector alone. 
7he number of students obtaining top grades A and B was also above national 
average at 26%. The corresponding national average was 24%. " 
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TABLE L. 6.5 
GCSE SUBJECTS AND GRADES; A-LEVEL CHEMISTRY GRADES PREDICTED BY 
STUDENT'S TIHEMSELVES, AND BY THEIR TEACHER: SCHOOL S 
Student GCSE science 
subject 
GCSE grade self-predicted grade 
for A-level 
chemistry 
teacher predicted grade 
for A-level chemistry 
Sl chemistry C A A or B 
S7 coord sc C D C or D 
Sli coord sc A B A or B 
S2 coord sc B A A 
S4 chemistry C B or C B or C 
S6 chemistry C C B or C 
S8 coord sc C C or D C 
SIO coord sc A C C or D 
S12 coord sc C C or D D 
S14 chemistry C C B 
S16 coord sc B B or C D 
S18 coord sc B A or B B 
S20 coord sc C A A or B 
LEARNING APPROACUES 
Students from school S had almost similar scores on DA (40) and AA (41), and 
slightly lower scores on SA (36). 
The total KE and progression scores are intermediate between those of schools P 
and R on one hand, and those of schools C and E on the other hand. 
PERCEPTIONS OF CHEMISTRY CLASSES 
The students perceived that they: 
were frequently given lots of notes; 
not frequently (or less than half the time) had theory lessons comprising 
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teacher talk; 
frequently had 'cookbook' type practicals; 
almost always had opportunities to raise questions; 
frequently were given recall questions in class; 
frequently were given questions which require thinking in theory and lab 
lessons; 
almost always were given individual assignments while lab work was done 
in pairs/small groups half the time, the other half was lab work done 
individually; 
frequently had theory and lab work integrated; 
frequently found that discussing chemistry ideas with other students help 
them in chemistry learning; 
were given homework once a fortnight. 
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APPENDIX L. 7 
SUMMARY 
I'sults m earlier chapters revealed that schools P and R seemed to promote 
learning more effectively than the other 3 schools. 
While recogaising that there are a multitude of variables which could affect 
student learning, this section examines some on learning approaches and students' 
perception of their chemistry lessons, from which it was hoped some clues could 
be found as to why some of the study schools (P and R) seemed to be more 
effective in promoting student lean-fing. 
The evidence from learning approaches and students' perceptions of their 
chemistry lessons is inconclusive. 
From the field notes and observations made by this researcher (which is presented 
in the profiles of schools, the following speculatory explanations are offered (on 
which fluther research is needed): 
Students in schools P and R seemed to have more supportive lean-fing environment 
than students in schools C and E; which could, to some extent, account for the 
differential amounts of progression showed. 
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APPENDIX M 
FURPHER CASE STUDIES 
This appendLx presents three fluther student case studies as follows: 
Appendix M 1: Student El (Case 11) 
Appendix M2: 
Appendix M3: 
Student P4 (Case 111) 
Student C 10 (Case M 
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APPENDIX M1 
CASE ILSTUDENT El 
IT-T- 
krie scored 2B's in coordinated science at GCSE; self-predicted B or C for A-level 
chemistry; he hopes to drop chemistry and instead major on computer studies at 
university. ) 
(Drawings are at Appendix N2) 
This student illustrates the case where total KE score at the L6 was among the highest; 
and where little PrOgresslOn in terms Of KE scores was made between the U6 and L6. However, his case illustrates how the reduction in number of ACs revealed/counted in itself could not necessarily be taken as an indication of progression. For in this case, it 
was all too evident to this interviewer that he had lost interest in chemistry; he was less forthcoming in his articulation, which meant that the fewer number of ACs revealed at U6 
compared with the L6. 
Among possible reasons for his non-progression are: 
* His evident loss of interest in chemistry in the interim between the 2 interviews (which 
he made explicit at the end of the U6 interview); 
* The persistence of some of the ACs he held (such as Cla, C3a, Ob, C3c); 
* The use of non-fonnal or 'one factor only' type reasoning. 
ASPECT A: PREDICHON ON TYPE OF CHANGE 
At both U6 and L6 interviews, over the 5 events, EI had predicted correctly the reactants 
and products. 
At the L6, his responses on this aspect illustrated how KEs could be acquired in spite of 
existing ACs. For example, in event 1, while he predicted correctly that copper would 
oxidise to form copper oxide, like a number of other interviewees, he also said that copper 
could not bum (AC Alc). Then, in event 2 and he revealed the his view that only carbon 
containing compounds could bum, and that burning always produces carbon dioxide (AC 
Ale). 
In event 2, when asked to predict the type of chemical reactions, he said: ". the flane 
reacts with oxygen.. wac bwns fonns ca-bon dioxide and water", and in event 3, he said: 
"Yes, thereý a chemica( reaction because methane is turned into flc4me [Here flame 
appeared to be substantialised, AC Ala, and was conceived of both as a reactant and a 
product].. and carbon dioxide and water". 
It also appeared that the presence of ACs as the substantialisation of heat, did not prevent 
him from knowing what reactants and products were involved in the 5 events discussed 
at the L6 level. 
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ACs Ala and AC Al c were not observed in his U6 responses, showing some progression. 
At L6 level, when asked what he mderstood by the term'bun-iing, he said: "Combustion 
with dr a7d so produce cabon dioxide aO waer " 
This understanding of burning explained why he considered copper incapable of burning 
and seemed to reflect the everyday view, whereby only carbon contammg 
substances/objects tended to be seen as capable of being burned. This view seemed to be 
persistent/fizther implicated in his U6 responses. 
At the U6 level to the same question on his understanding of burning, he replied: "Give 
eneiNy to a subsistence (he meant 'substance'; according to him, his English is "not goodif 
and he "can't speak" properly") to make molecules vibmtefayter and give out eneqy apzd 
you usually break bond. " 
His use of the term 'usually' is interesting and seemed to indicate ftuther that he was still 
having ACs about the nature of burning, or that his view of bun-fing is still at variance 
with the scientific view. 
ASPECT B: PREDICITON ON OVERAILL ENERGY CHANGE 
On this aspect, from a chemist's perspective, El seemed inconsistent in both his L6 and 
U6 responses. 
His L6 response on events I and 2 were very similar; and contained no KEs and I AC: 
Eg in event 1: "Oven-il endothennic-bec(use it absorbs hecefrom the bunsenflame". 
Further probing revealed that he seemed to be using predominantly perceptual thinking 
like R7.1 and essentially held the same AC Bla that "a recrtion must be overall 
endothennic ifheat1heating is needed", which demonstrated the common misunderstanding 
of the role of applied heat and its relationship to overall energy change. 
Eg in event 2: 'A n overall endothenn ic mixtion.. bectwe you need to put in energy from 
the mach. " 
(This response was extremely surprising when it seemed clear that the reaction must 
be 
overall exothermic. However, one possible reason for this surprising answer could be, that 
like some of the other interviewees, he really did not understand the nature of the 
flame 
(or even the nature of the question -a point which did not really occur to this 
interviewer 
at the time of the interview. Perhaps there was some confusion in his mind 
between 
activation energy and overall energy change. ) 
However in event 3, his response was: "Oven-il exothenn ic.. give out heat.. take 
in eneqcv 
for bmaking bond in methane a7d oxygen then produce energ when make 
bond in 
carbon dioxide aid waver which is given out " 
His L6 responses in events 4 and 5 were in fact similar to event 3 
in that they incorporate 
the idea that the overall energy change is the resultant effect of bond 
breaking (which is 
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an endothermic process), and bond making (which is an exothermic process). 
Eg in event 4: "Oven-il exothermic.. because give out heatfrom bond making between Mg 
& a-first absorb energv from surroundings to break HICI bond, for excimple, absorb looilmole but bond making eneqDý grecter than bond breaking eneqDý so give out.. 
product is less recrtive, or more stable than recrtants. " 
(2ACs associated with AC C3a are revealed in this response: that a bond was made between Mg and CI in the aqueous state; and that the bond between W and Cl- ions broke only when Mg was added, which was an AC because in solution, there were only' 
weak ion-pair attractions between H+ and Cl- ions, there were no real bonds between 
them. ) 
1hus, it could be seen that he was conceptualising the 5 events very differently. In his 
scheme, there appeared to be more similarity between events 3,4 and 5 than between 
events Iý2 and 3. 
His response in event 2 compared with event 3 is surprising, because with respect to 
aspect A, he had said that wax was reacting with oxygen producing carbon dioxide and 
water which was similar to what was happening to the methane in the bunsen flame 
reaction! Yet, he could predict an overall exothermic for the bunsen flame reaction, but 
an endothermic one for the candle flame reaction. Unlike the chemist, he did not seem to 
see them as similar events. Therefore, he used very different explanations for the energy 
changes involved. 
Thus, he seemed to demonstrate partial understanding of the aspects of energetics involved 
in chemical reactions; but had not yet learned to see the generality across events. 
At the U6 he did not show progression in terms of number of ACs held and consistency 
across events; in particular, he seemed not to recognise still the similarity in events 2 and 
3. However, it did show some progression in event I by abandoning his old AC BIa, and 
by using conceptual using ofperceptual thinking: 'A n overall exothennic reaction.. become 
copper aqd oxygen fonn a lower enetýp; compow7d.. the heat is given off from bond 
making. they take in heat to break boncls and then they give out mom eneqy dwing bond 
making.. become copper-oxygen bond is a stronger bond " 
Having abandoned his old AC, he picked up new ACs; as seen in his 
U6 response in event 2: "Overa(l endothennic. -it absorbs mom energv 
beccwe one is gx, 
one is liquid (referring to the 2 products, carbon dioxide and water) but the wertant is 
f solid'. 
When the interviewer echoed his response, "Overall endothennic? ", he said: "Yes, become 
youfonn a gay and a liquidfrom solid. wac is a solid -" 
Two ACs were identified in this response: 
a). the physical state of U20, one of the products, was misconceived as 'liquid' 
instead of 'gas'; 
kinetic stability was confused with thetmodynamic stability. He seemed to have 
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inferred that the reaction is overall endothen-nic based on the thinking that a gas 
and a liquid are less stable than a solid, therefore, they must contain more energy than the solid, which means when the solid wax was converted to gaseous carbon dioxide and liquid water, energy must have been absorbed. 
This is to be contrasted with his U6 response on event 3: 
"Overall exothermic become heaf comefrom theflawe-at microscopic level hear come from vibration, bond making of ccrbon dioxide and waer 11 
Thus again as in the L6, he was clearly conceiving the 2 flames differently; by predicting 
the overall direction of energy change in event 3 as different from event 2. He also 
introduced a new AC in misconceiving the heat released by the bunsen flame here as 
associated with vibration, which produced energy of much lower wavelengths. 
His U6 response in event 4 (which was similar to that in event 5) was: "Oven-il 
exothennic.. become heat is given out from making bond. ionic bond. between Mg" aO 
CL exothennic because MgC12 is mom stable than HCI. " 
Ffis overall U6 response showed that the 2 ACs revealed at the Lb level were still held 
by him. In addition, he revealed an AC which arises mainly due to the use of 'one factor 
only' type reasoning, in not considering the stability of both reactants and both products 
in his prediction on overall energy change. This type of thinking which lacked 
consideration of all factors involved was prevalent among a large number of interviewees, 
and was discussed by researchers such as Rozier and Viennot (1991). 
Overall on this aspect, El did not make much progression in ternis of achieving greater 
consistency in the way he used KEs and in terrn so of the nwnber of ACs. He abandoned 
only I AC (B I a) and picked up more ACs. 
The tendency to acquire new ACs along the path of learning seemed to be common 
among the interviewees and is probably to be expected as a natural process in learning, 
as new knowledge are initially acquired in bits and pieces which are incomplete and 
uncomected, rather than as a coherent whole (Inhelder, Sinclair and Bovet, 1974; Di 
Sessa, 1988). This means that the likelihood of such knowledge being applied to the 
wrong context is very high. 
From his statements associated with flames, he revealed, like many other interviewees, 
a lack of understanding of the nature of flames. Just as students like case IV, student C 10, 
who saw no problem in conceptualising different kinds of bonds in magnesium and in 
copper, he was probably not seeing any problems in conceptualising the 2 flames in 
events 2 and 3 differently. 
The fact that he was able to account for the energy changes involved in the combustion 
of methane could be explained by the fact that thermochernical calculations on heats of 
combustion, which specifically included that of methane, had been covered in class. The 
reason why he could predict the overall energy change for event 3 but not event I at the 
L6 level could probably be traced to, on one hand the dominance of perceptual thinVýing 
and on the other hand, that he did not conccptualise that event I was also a combustion 
reaction, which in turn could be due to the fact that the examples normally used to 
illustrate calculations on heats of combustion are those involving substances 
397 
conventionally thought of as fuels, and not metals. 
ASPECr C- HOW IM PROCESS IS INUGINED 
On this aspect, there was no progression in ten-ns of the number of KEs scored. 
At both L6 and U6 in events I to 3, he was able to conceptualise the process 
appropriately in terms of particles (copper atoms, oxygen molecules and alkane molecules) 
and the bond breaking and bond making processes involved. 
At both L6 and U6 his conceptualisation of the processes involved in events 4 and 5 were 
very similar, involving few KEs and the same ACs, which are: 
The reaction between magnesitun and dilute HCI involves bond fonnation between 
Mg and Cl, even if CI is already in the ionic state. 
b) This seemed to lead to the AC that the ionic bond between Me and Cl- ions must 
still be existing in spite of there being no solidMgC12 formed (AC C3a). 
C) And because he seemed to have leamt well that chemical reactions always involve 
bond breaking and bond making, he conceptualised the bond between H' and Cl-, 
which he termed as 'ionic bond!, as also existing in the dilute HCI solution before 
Mg is added (AC C3a). 
The following extract from the L6 interview on aspect C, event 4 is illustrative: 
E 1.1: ". dilute HC1 has H' 6nd CL ionic bond between H' apid Ct, ionic bond bmaks 
when you add Mg .. [AC C3c] it absorbs 
hea energv from the sunvundings to break 
bond. also absorb heafrom surmwidings to break metallic bond in Mg.. then Mg" aid Ct 
join together tofonn MgCl,,,. cfter bond breaking, hydrogen is unstable in one compound, 
it have to exist in dfafoin ic compound so 2.. Hfrom HC1 quickly join another H afom to 
fonn H it 2 gay. 
1: "Mg is 2+.. " 
E 1.1: Tecome got 2 outer shell electrons. . to 
fonn stable compound MgC12need 2C1 to 
rext with Ift. okay work bcrkwad... from equction we know Mg hcu 2 extra outer 
shell electrons.. so need to lose 2 electrons to be stable; CI need ixcept I electron to be 
stable full shell, so I Mg rext with 2 CN to form stable compound . electron 
from Mg 
go to chlorine, chloride ion fonn a bond between them. " [Note: these extracts are from 
verbatim transcripts, hence the occasional questionable use of the English language. ] 
1: "You said chlorine in dilute HCI is chloride ion Cl-.. has Cl- not got a full shell of 8 
electrons..? " 
E 1.1: 'Maybe I electron (ref to one of the 8 electrons in Cl-) get excited dwing reaction 
a7dpromote to next higher level.. orbital.. this is growid state (drawing 3 sets of 
boxes, 
I st set containing 2 sub-boxes, 2nd set another 2 sub-boxes and the 3rd set comprising 
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3 sub-boxes, each sub-box with 2 arrows, each pointing in a direction opposite to the 
other one - see AA Appendix N2.1) this is ground stde which mecm no recrtion, cod 
when heafed, electron from outer shell take in more enetýy fust, md some electron is 
promoted to next orbital so can accept mom electron a7dfonn bond.. Jonning another box (i. e., energy level or orbital) aud this is w6son why this electron h4z discppeard " [He 
seemed to be trying to justify his theory that Cl-, in spite of already having 8 electrons, 
could still accept another electron, by proposing that somehow a vacancy was created in 
the orbitals by the promotion of one of the existing electrons to higher orbitals in Cl-. This 
inference made was verified by much probing on the part of the interviewer. ] 
1: "Cl- take 1 more electron from magnesium means that it becomes C12-,? " 
E 1.1: Toint is afterwcr& it give out eneqrv.. become less stable.. so it take in energý, get 
excited, go up to higher orbital but when bond making it give out enerD) so become less 
wxtive, so by t&ff time, electron wouldpafr up become got less enetgy diffewnt orbital 
got different energv level; need more energv to promote to another level butofter losing 
energv, electron will go back to ofiginal level. " 
I: "If electron goes back to original level, that means therds no vacancy for magnesiums 
electron on Cl-T 
El. I: Tut dwing bond making all electrons still a higher enely level but qfter and 
dwing losing eneqy electron become less excited, and go back to ofiginal eneýgy level 
aqd this is reason why itý not 2- become it becomes stable compowid already by that 
time.. bond making means they join together. then lose enetýy and go bcrk to here 
(pointing to one of the sub-boxes which represented an orbital in 44, Appendix N. I A. " 
With respect to ACs, in addition to those already mentioned with reference to aspect B, 
such as AC C3a, Ob, his reference to electron from Cl- jw-nping to higher orbitals 
seemed to indicate that he had confused ideas that his teacher might have used to illustrate 
bond breaking and bond making in, perhaps a covalent carbon compound such as 
methane, with the nature of bond making in this redox reaction involving essentially 
magnesium atoms and W ions. 
It was a pity that at the U6 level, he was not as forthcoming as at the L6 interview which 
render comprehensive evaluation of his progression difficult. The fact that he was looking 
bored, uninterested and unwilling to spend time at the interview was made clear to the 
interviewer by his facial expressions, which resulted in the fact that his responses were 
not probed as deeply as this interviewer could have done. 
The following extract is from the U6 interview: 
El. 2: ".. (writing equation.. Me + 2WCI- ->H2(g) + Mg`Cl-) becaze Mg got 2+ chc#ge 
but H only got I+ in aqueous solution so Mg is more likely to awwt Ct Am H+ become 
there ýa stronger electric aurcrtionalf6tre between Mg & chlorine [AC CIa: He seemed 
to be confusing oxidation numbers with charges when he referred to Mg as having 2+ 
charge; his reference to W was valid because he knew that the HCI acid exists as ions in 
solution. ] aid MgC12 is more stable compound than HCI. " 
1: "DissolvedMgC12 iSmore stable than HCI.. " 
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E 1.2: "Yes.. apid hydrogenfom H2because it needfull shell.. hydrogen h4z tojoin together 
to become stable.. no solid magnesium chlofide is fonned beccwe it is soluble " 
"Magnesium attracts Cl-.. " 
EI. 2: "Yes, fonn ionic bond " 
"Even when no solid magnesium chloride was seen? " 
EI. 2: "Yes, we've been told " 
From his conception that there is an ionic bond existing between magnesium or Mg+ and 
chlorine or Cl- ions in the solution, it could be inferred that he probably thought of W and 
Cl- ions from HCI just as existing as separate ions, but necessarily free ions. 
On event 5, his responses at both L6 and U6 did not contain any of the key elements 
identified. 
The ACs held could be inferred from his responses, which are given below: 
L6: "Fust when you add the two together, chlotine (referring to the 'Cl' in the formula 
'NaCl' in equation NaTl- + Pb2'NO3- -->NaNO3 + PbCl2 that he has written) becomes 
mom delta minus [which is an AC here, showing a misconception that partial charges 
could have risen in aqueous NaCl, which is probably a lack of proper understanding about 
how electronegativity difference between two atoms in a covalent bond could lead to the 
formation of partial charges] aid lead in lead nitrcee (referring to Pb' in the formula 
Pb+NO3) had more positive chc#ge so aftncted hem (drawing an arrow from Cl- in NaTl- 
to Pb+ in Pb2+N03 -) and this is nucleophilic maction .. because a positive centre is 
being 
atneed. aacrked by the wagents Rt seemed that he was confusing what he was then 
learning in his lessons in organic chemistry on reactions of covalent polar substances like 
halogenoalkanes with the precipitation reaction involving Pb+ and Cl- ions. Similar kinds 
of confusion were also found in a number of the other interviewees].. delta minus become 
chlofine is a very electronegaive element, so it contains delta minus chage. - 
high electron 
density-got bigger shav of electrons in chlotine than in sodium-yes chlotine atcrk lead 
bectwe plus and 2 plus here (referring to Naý in formulae NA+Cl-' and PbI in Pb'N03- 
respectively) minus wnrted by 2+ (refer-ring to Cl- being attracted by Pb2+) avidfonn lead 
chlofide cmd then this one naturIly one plus, one minus (referring to Naý and N03 -) they 
join together [He seemed to think that the reaction was brought about as a result of the 
lead ion having a higher charge than the sodium ion]". 
The following extract from the U6 interview illustrates his response, which was much less 
forthcoming than his L6 response: 
E1.2 "Theroý bond breaking apid bond making. " 
1: "Which bonds are being broken? " 
El. 2: 'Become.. whatý the meaning of the tenn 'electrone9divity pleaye? " 
1: "What do you think it means? " 
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E1.2: V should have did some revision lcut night-I think this one attmaed this one beccwe this one is more ... no, I'm wrong-I'm just saying 2+ carcrted to Ct ald Nd 
cercrted to nitrcee.. Point is I way thinking about electronegativity but it's wrong now.,, 
"What's electronegativity? " 
EI. 2: 'A ttnrt more electron, say C1 a7d Hjoined together. C1 should be delta minus 
beccwe it cd&crls electrons more.. H delta plus become it alnrt less electron 
"Why does electronegativity not apply here? " 
El. 2: 'Vjust avsume that-I think it's morefor organic chemistry. " 
Comparing his L6 and U6 responses, it could be seen that at the U6 level, he was on the 
verge of repeating his L6 views, which were essentially confused ideas, when he checked 
himself. He seemed to realise that his L6 views about partial charges in chlorine of 'NaCl' 
was incorrect, which led him to say that electronegativity applies to organic chemistry and 
not to the reaction being discussed. 
It was quite surprising that El, like a number of the other interviewees, seemed to make 
no progression in his understanding of this event, which is akin to the reaction between 
silver ions and chloride ions involved in qualitative analysis of chloride ions (which is 
included in the GCSE chemistry syllabuses as part of the practical chemistry exercises). 
The analogous reactions between silver ions and halide ions is also specifically included 
in virtually all the A-level chemistry syllabuses under the reactions of group VII elements. 
For El, one main problem appears to be his inability to assimilate new knowledge 
properly into his existing framework, so that his explanations seemed to be coloured 
inappropriately by his new knowledge - e. g., viewing the precipitation reaction as 
involving a nucleophilic reaction. 
ASPECr D- DFXVING ]FORCE 
At L6 level his view that energy input was the driving force or active agent acting on 
passive substances causing the chemical change was consistently applied across all 5 
events, even in the case of events 4 and 5 where there was no overt heat applied. 
In this study, it appeared that the first 3 experiments reinforce this naive view (tertned the 
"experiential gesalt of causation by Andersson, 1986b; Ogborn, 1990; Brosnan, 1992) and 
this was then used to explain the driving force of the subsequent events, 4 and 5. For 
example, El said of events I to 3, that 'Divingforce is heatfromflawe which is energy 
put into the recrtion 11 and of event 4, 'Diving force is eneqT absorbed from 
sutmundings to break bonds. then bond making produce energy to break more bonds. " 
Here in his reference driving force as energy absorbed to break bonds, there is a hint that 
he seemed to be intetpreting the interviewer's question in a way that was not intended. His 
interpretation seemed to be "What started the chemical reaction? ", instead of "Why does 
this particular chemical reaction happen at all? " At the U6 level however, 
from his 




At the L. 6 level, since his basic view of driving force is energy put into the reaction. At 
the U6 level, he made some progression on this aspect. He seemed to have grasped, at least partially, the idea that the reaction why a chemical reaction takes place is the 
tendency toward thermodynamic stability. This was seen in his responses on this aspect 
in events 1,4 and 5, because in all 3 cases he mentioned that TWvingforce wx tofonn 
a more stable compowid". Here again he seemed to show the 'one factor only, type 
incomprehensive reasoning, which was typical of many of the other interviewees' 
responses. 
For event 2, he said: 'Divingforce? no idea. -Cant think of aýything.. carbon dioxide is less stable than wac molecule becaise it ýa gas and wax is a solid.. liquid water is less 
stable than wax. " 
He appeared confused and baffled because his view that driving force was to produce a 
more stable compound seemed inapplicable here. Several ACs can be postulated at this 
point: 
a) that he had confused kinetic stability of physical states with thermodynamic 
stability of substances. 
b) that he had disregarded the imperceptible reactant in the process, i. e., oxygen gas. 
Like many other students, he could be substantialisating heat as oxygen which 
explained why he did not consider oxygen. 
C) he had forgotten that the H20 would be fort-ned as a gas instead of liquid. 
For event 3, he had said that "the sane ptinciple ay the cmdle cpplies " and therefore 'V 
don't know" 
SUNEVMY OF CASE 11 
Thus, it can be seen that El. is an example of a student who showed little progression in 
terms of acquiring new KEs and ACs. At the L6 level, he had included many KEs and 
also ACs. At the U6 the same KEs and ACs were still there, although he also acquired 
a few more ACs which appeared to be related to new knowledge learned. 
His lack of progression was not easily accounted for, other than his own explicit statement 
that he wanted to drop chemistry as soon as A-level exams are over. 
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APPENDIX M2 
CASE M. - STUDENT P4 
(She scored 'N for Chemistry, 'B' for Physics and 'B' for Biology. Self-predicted 'B or A' for A-level Chemistry; hopes to read Biochemistry at University. ) 
(Drawings presented at appendix N3) 
This case was quite a constrast to case IV in that while her L6 KE score was not that 
much higher than that of CIO (13 vis-a-vis 9) she made a progression of 25KEs (vis-a-vis 
CIO 's progression of IKE) over the 5 events and 4 aspects between the U6 and L6 
interviews. 
Among the reasons for this difference could be that she had fewer ACs at the L6 level 
compared to C 10 (See chapter 9: At the L6 she revealed 8 ACs whereas C 10 revealed 20 
ACs), so that whereas C 10 was hampered from further learning by her ACs, P4 was not. 
Hence at the U6, P4 showed a reduction of 2 ACs whereas C 10 showed an increase of2 
ACs between the 2 interviews. 
Aspect A- Reactants and Pmducts 
At the L6 she predicted correctly reactants and products in all events, except event 2, the 
buming candle. 
In event 2, she did not think that the candle wax was chemically involved in any reaction; 
but was merely melting, and some of it vaporising and diffusing into the atmosphere. 
Instead, it was the wick which burned to fon-n wick oxide with oxygen from the air. 
At the U6 interview, she showed progression in predicting that the wax being an alkane 
would bum to give carbon dioxide and water; also that since it was a big alkane, it could 
also yield some smaller alkanes on burning. 
Aspect B- Overall EneW Change 
On this aspect, she made progression by shifting from macroscopic explanations to using 
microscopic explanations which included relevant particles and bond breaking and bond 
making processes. However, her explanations were still not completely adequate in that 
she had not included issues about relative strengths of the bonds broken and made. 
At the L6 interview, like the previous 2 students in cases I and 11, she used perceptually 
domninated thinking and predicted on overall endothermic reaction (AC Bla). 
When asked what was the role of the heat from the bunsen flame in event 1, she 
responded thus: "Heat is needed become there's not enough copper oxide to do 
mything.. you con't even see it.. so heat is needed to make the copper oxide. - 
hed octually 
comes the reaction. well, you need copper aid oxygen, but the hea actua(ly comes it to 
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hpppen in a way we can see it " 
She seemed to have exhibiting here what Andersson (1986b) ten-ned EGC (experiential 
gestalt of causation) in her perception of the involvement of heat energy 'in the chemical 
change, i. e., to her heat input seemed to be the necessary and sufficient condition for 
chemical change. This AC was held by the vast majority of the students interviewed. This 
AC was revealed again in association with aspect D, when she was asked why she thought 
the reaction happen at all (See discussion on aspect D later). 
It seemed to this interviewer that her AC or use of everyday reasoning that heat is the 
causal agent for chemical change, is so dominant in her thinking that it hindered her from 
reasoning more scientifically, in terrns of Particles and the microscopic processes (such 
as bond breaking) involved. This was firther reflected in her responses in subsequent 
events. 
For example, in event 2, the burning candle, when asked where the heat of the candle 
flame came from, she said: 'Trom the btaning of the wick. " She could not elaborate on 
this, no matter how hard the interviewer tried to prompt her. Again in event 3, the bunsen 
flame, having said that the reaction between methane burning in oxygen was exothermic, 
she could not account for the reason why in ten-ns of microscopic processes. 
Asked to account for the heat being released, she said: "When those two (i. e., methane 
and oxygen) react together, it must be an exothennic reaction to have the hea 
produced. so when they join, heaý produced. thereý like mom eneqýv than those two 
separdely. " 
She seemed to be unwilling or unable to discuss the heat released in terms of particles and 
the microscopic processes involved. At the same time, she seemed to have exhibit two 
misconceptions here: 
a) that the product had more energy than the two separate reactants; 
b) the excess energy of the product was manifested in the form of heat of the bunsen 
flame. She seemed here to exhibit a problem that a number of the other 
interviewees, had - that of the inability to distinguish between the reaction system 
and its surroundings. She seemed unable to differentiate between the products of 
the reaction (i. e., carbon dioxide and water vapour) from the surroundings (which 
include the flame). 
Probed ftu-ther as to what she thought was the part played by the match flame which was 
used to light the bunsen flame, she said: T crtually so-ts the rextion, ignites. just 
stces.. then there ý enough hea to cap7y on " 
Asked where the heat that was 'enough to carTy on' the reaction come from, she said: 
'From theflane which could comefrom there. - theflane is the thing you xtually see a7d feel hecefrom-if thefl=6 not them, you won'tfeel heat-thd stc#tsfrom themflcme 
is produced by those two bw-ning. tha is butning in oxygen " 
Probed further on 'heat is produced by those two bunfing she said, 'Vfyou 
have methaze 
in a bottle, it won't combine with oxygen to produce aflane, you need to 
have theflnme, 
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the hed to stal the recrtioA so heafrom thefl6me stat the mcrtion,, 
Ac 
,,,,, 
ked for the part played by the heat from the flame, she said, IVt crtually stcffts this, so 
if it wayn't there, I don't think these two would recrt. " 
When asked to explain at the microscopic level how this heat starts the reaction, she said 
"Exciting the doms, making more successful collisions. " 
Probed on "what determines whether collisions are successful", she said: 'More energv, 
more crtive, more likely to crayh into exh other, more often thCV if they just h6ng 
avuncl ff 
She seemed to be having the misconception that reactant particles do not crash into each 
other unless there is heat supplied to the system. 
Again in event 4 having predicted an overall exothermic reaction, she seemed unable to 
account for it in terms of bond breaking and bond making. Instead, she said, 'Heat 
releaved come from ... eneýgy which haven't been heat enerýy.. been tranfonned into hear 
eneqy.. could be eneqT from I don't know wha potential eneqý stowd but isn't cu hear. " 
Asked where was the energy stored, she said: 'Vn the product tha h4z been made. " 
Probed fixther on how the energy could be stored in the product when it was not yet 
fonned before the reaction has taken place, she said, "The eneqy is stored in either or one 
of those two.. or both a7d it comes out as hea eneqy when they combine. " 
Thus, it became clear here that essentially she had the energy profile diagram in her mind 
when she referred to the heat evolved in this reaction as having been converted from 
potential energy of some sort which was stored in the reactants. 
She predicted no overall energy change in event 5, precipitation reaction but was unable 
to give a reason for her answer. 
Thus, through her L6 responses on aspect B, it could be seen that she had little concept 
of the energetics involved in the bond breaking and making processes of chemical 
reactions. Responses such as hers were prevalent among the interviewees. 
However, at the U6 interview, her progression was obvious. 
In event 1, having predicted an overall exothennic reaction, she went on to sketch and 
describe confidently the energy profile diagrain for the reaction: Teccwe it needs 
xtivation enetW which is heat (sketching the left or up side of a peak) and then it usually 
goes that way (sketching the right or down side of the peak and stopping at a level below 
the initial upward starting point resulting in an energy profile with the total energy content 
of reactants higher than that of product) .. to 
break oxygen bonds.. and copper bonds, you 
must put in eneqy.. but eneqy is given out when they join to make copper oxide. -the 
eneqy madefrom tha is greater than the amount of eneqy put in to split these two W" 
Again in explaining the exothennicitY Of the methane-oxygen reaction in event 3, she said: 
"When hea is giveA these (referring to the electrons in the C-H bonds in methane and 
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rl*k-z-% 
0=0 bond in oxygen) get excited, the bond breaks aidjoin. carbon with oxygen awl hy&ugen with oxygen. - thctý when heat is made aid thot stws the cycle qgcgn r, 
Note how her explanation for the exothermicity was given at a much greater depth at the U6 level. However, it was still not completely adequate in that there was no consideration 
of the relative strengths of the bonds made and broken which determine the direction of the overall energy change. 
In event 4, the progression on her understanding of the issues involved in aspect B between the 2 interviews was also evident. Here in explaining why it was overall 
exothennic, she said: "You won't get much enetýy out of the fonnation of magnesiwn 
chloilde 'cos they av in ions in the water. that meau all the enetgv isfrom thefonn6tion 
of H2molecule .. also attraction between the deltapositive hydrogen atom of water 
molecules 6nd C1 , also between the delta negative oxygen of water molecules aid the Mg2' ion.. thatý making eneqýv. - 
but they av not that strong.. they'm attractions not bonds. F1 
Like a number of other students, she seemed to have difficulty conceptualising the 
attractions between the solvent molecules and the particles of the solute as ion-solvent 
bonds. 
In event 5, she predicted that it must be an overall exothennic reaction because "it's mom 
stable.. tImt meau heatý been given out.. obviously them ý aftwtion between the chlofine 
(she meant the chloride ion from sodium chloride) and hydrogen (she meant the hydrogen 
end of the water molecule) and between the lead aid the negative end (referring to H20 
molecule) md then these 2 av aftnxted to one another (referring to attraction between 
W and Cl- ions; and between Pb' and Cl- ions).. the amount of energv given out from 
the com bination of Pb" aqd Ct ions to fonn a solid is gmaer than the eneqy put in to 
bmak all these bonds F' 
From the above quotes from the interview transcript, it can be seen that she had made 
much progress in conceptualising the energy changes involved in the reactions discussed. 
However, consideration of relative bond strengths is still lacking. 
Aspect C- Mw the pmcess is inwgined 
Over the 5 events, there was an improvement of 15KB on this aspect, which was due 
mainly to the consideration of issues of bond breaking and bond/structure making in her 
responses, especially in event 2. 
At the L6 level, while being able to predict that copper will lose electrons to oxygen 
resulting in the formation of oppositely charged ions which combine together, there was 
confusion between ionic and covalent bonding (AC C2a, section 6.3, chapter 6) because 
she thought that "them wav more attraction to within one pcdr (referring to a unit of 'Cu(J) 
than outside the pcdr " Like many other students, she seemed to think that the attraction 
between the 'Cu` and 'G within a unit of 'CuCe is stronger than that between 'Cu' and V 
of different 'CuO' units, i. e., she appeared not to understand the concept of the ionic bond 
structure. 
At the U6 level, such confusion was not evident. 
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For events 2 and 3, while at the L6 level, she had difficulty conceptualising the process 
of the reaction in microscopic ten-ns, she showed progression at the U6 level in having 
no such difficulty at the U6 level. She was able to reason after a tortuous process, that the 
result of sufficient heat input was to split the 02molecule into 2 oxygen atoms, each with 
6 outer shell electrons and also to split the alkane into carbon atoms with 4 outer shell 
electrons and hydrogen with a single electron which then share electrons to forin covalent 
molecules of carbon dioxide and water. 
Like many U6 interviewees, she initially thought that in the combustion of alkane, the 
bond within the 02molecule undergoes "heterolyticfission" resulting in the formation of 
1101- crd 01' ions (i. e., oxygen atom with 2 excess electrons and one with 2 electrons 
short respectively).. 0' ions join with the H* which wx produced. together with the 0- 
ions, from the splitting up of the alkane molecule to fonn wder. aid the 0" which hx 
only 4 electronsjoin with the C: 4- tofonn onrbon dioxide. " It was only on fieher probing 
by the interviewer that she finally realised that atoms or free radicals were more likely to 
be formed during the bond breaking process, rather than charged species such as C, W, 
Oý- and Oý'. 
The fact that this alternative mechanism for the combustion of methane, involving the 
production of charged particles instead of free radicals, is so prevalent among the 
interviewees, lead one to speculate and find some reasons. Among possible reasons are: 
the confusion of the concept of oxidation nwnbers with electrical charges (AC 
CI a) - because students had been taught that C in CH4 has a oxidation number of 
4- and H has a oxidation number of 1+, they thought that when the C-H bonds 
break, C ends up with a 4- charge and H end up with a 1+ charge; 
the confusion of combustion reactions with nucleophilic and electrophilic reactions 
in organic chemistry (i. e., those involving electrical charges, either full or partial 
charges such as halogenoalkanes which contain positively charged C centres and 
alkenes which involved negatively charged C centres). 
For events 4 and 5. her progression was most evident in the way she was able to 
conceptualise the particles and the bonds which were broken and made. For example, at 
the L6 level, she was uncertain of the effect of water on the solute particles. She had in 
fact postulated that particles of solutes such as sodim chloride exists as units of 'NaCl' 
with the bond between the W and the Cl- practically intact; and the effect of dissolving 
was to break the weaker bonds between the 'NaCl' units but not within the 'NaCl' units, 
which was a reflection of the confusion of ionic and covalent bonding. 
At the U6 level, the confusion between ionic and covalent bonding seemed to have 
cleared. She had clearer conceptions of the solvation effect of water and the attractions 
between the free ions of the solute and the water molecules. Thus, for event 4, she was 
able to conceptualise the dilute HCI as comprising free W and Cl- ions. 
However, at the U6 leVel5 she still suffered from the misconception which was common 
among the interviewees: that in the magnesium-dilute HCI reaction, the Cl- ions "Mýst let 
go " (or give back) of the one electron which it has taken from the hycbvgen atom 
(A C 
C3c) in thefotmation of the chlofide ion so it becomesjust chlonne arom, then Mg gives 
these 2 outer shell electrons to 2 of these C1 atoms.. so you get Mg" aid 
2Ct ions aO 
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these hang avund in solution.. " 
At the U6 level, as at the L6 level, she thought that in the absence of water, the 
magnesium-dilute HCI reaction would be 'Yasler" -a view which was shared by a large 
number of the interviewees. From the scientists' perspective, she (and the large number 
of interviewees like her) seemed inconsistent in not considering the solvation effect of 
water, which resulted in the dissociation of HCI into its free ions. However, at another level, from her (their) own perspective, she (they) might not be inconsistent since in her (their) fi-arnework, the reaction process involves the transfer of electrons from magnesiwn 
atom to chlorine atoms. In other words, since she (they) did not have the scientific view 
that the reaction process involves the transfer of electrons from magnesiw-n atoms to hydrogen ions, she (they) infer that the reaction could be faster in the absence of water. 
It was a pity that time constraints did not allow this interviewer to pursue her reasons for 
saying the non-aqueous reaction is faster. However, it was likely that she (they) was 
associating the increased reaction rate with the increase in the concentration of HCL 
Aspect D- Dniving Fowe 
Over the 5 events, there was no increase in the number of KEs counted in her responses 
on the driving force or why she thought the reaction took place; at both U6 and L6 
interviews, she did not include a single KE of a scientific explanation in her responses. 
Again her responses on this aspect were typical of the study sample. 
At both U6 and L6 levels, she consistently (see section 10.2, chapter 10) conceived of 
heat energy input was the driving force in each of the 5 reactions discussed. 
At both mterviews, for events I to 3, she was very certain that heat supplied was the 
driving force. With respect to events 4 and 5, she was perplexed because there was no 
obvious heat input. However, from her responses, it could be seen that she held the view 
that heat or energy input of some kind is the driving force of reactions. Her view was of 
course, at variance with the scientific view that it was the release of energy or increase 
in total entropy of the universe which drives the reaction. 
For example, her L6 response in event 4 was ". in this expeliment, you didn't heat it, you 
just put them together cvd there wm heat being produced but the other ones (referring to 
preceding events) we had to stce it off, hed being produced. don't know.. strzge. --" 
Her U6 response in the same event was: 'Diving force ... reactants 
being together aid 
being in an environment where they can take eneiýy from the atmosphere or the 
swroundings. 11 
Again on the driving force in event 5 her responses at both U6 and L6 levels were more 
or less the same. For example, at the U6 level, she said: "Diving force-Just their 
pwsence together. aud they might have taken heat from the smmundings. 
Thus, throughout both U6 and L6 interviews, and over the 5 events, she seemed to have 
the same misconception that it was energy input of some soM rather than the decrease of 
energy content or the increase in entropy of the universe, which was the driving force or 
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the reason why chemical reactions took place. 
It is likely that P4 and perhaps a large number of the other interviewees, were interpreting 
this researcher-interviewer's question in a way differently to what was intended, inspite 
of the emphasis that the question associated with this aspect D was, "Why do you think 
this chemical reaction happen at all? " and not, "What do you think causes this reaction 
to be started oM" or "What do you think initiate this reaction?,, 
This was interesting that while other students from the same school (eg student P 10 and P18) referred to entropy in their explanations on driving force, P4 did not. In this 
researcher's opinion, the main reason why students like P4 seemed to choose to disregard 
the intended meaning of the question was because they had not thought about or grasped 
the issue of driving force. That they had not grasped the concept of driving force could 
probably be linked to either the lack of emphasis given to this concept by the teacher, or 
that it is just too abtract for these students to grasp. 
SUMMARY OF CASE III 
This case illustrates the progression over the one year period between the two interviews, 
showing the increase in richness and details of the student's explanation, and hence the 
increased number of key elements (KEs) in a scientific explanation contained in it. It 
illustrates her shift from the use of perceptually dominated thinking at the L6 with respect 
to event 2 when she said the wax was not involved in burning, to the use of conceptually 
based thinking at the U6, when she seemed to acquire a chernist's view of the chemical 
change associated with a burning candle. 
It also illustrate how ACs (including major ones such as the Mg-dilute HCI reaction 
involves the transfer of electrons from Mg atoms to Cl atoms) could persist and coexist 
with newly gained scientific concepts. It was interesting to note that she made no mention 
of the terms 'entropy' or 'enthalpy' at both L6 and U6 interviews; this was a contrast to 
students P 181 P 10 (from the same school) who both mentioned these terrns even at the L6 
level. This, in the present researcher's view could be due to at least two reasons: 
where there is a strongly held preconception, like the conception of heat input as 
causal agent of chemical change (Andersson' s "experiential gestalt of causation, 
1986b; Ogborn, 1990); this could hinder the acceptance of other views (Viennot, 
1979; Gilbert, Osborne and Fensham, 1982). 
where students do not understand or grasp a concept, they try to shut them out of 
their minds and refuse to talk about them. 
This case also illustrates how students could be consistent in the use of their alternative 
ideas - here P4 consistently conceived of heat as the causal agent for the chemical change in all 5 events. 
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APPENDIX TY13 
CASE D: STUDENT C10 
CIO (Her drawings are at Appendix N4.1 and N4.2) scored 2B's for Coordinated Science 
in GCSE; predicted 'B' grade for A-level chemistry, her teacher predicted a 'C' jpde for 
her A-level chemistry, hopes to study medicine at University. ) 
Týis case is an example of a student who had low KE scores at the L6 level; and did not 
seem to make much progression at the U6 level. 
She seemed to have acquired bits and fragments of scientific ideas which gave the 
resemblance of having learnt; however, when probed fixther, then many deep-rooted ACs 
were revealed, and it seemed that these ACs were unaffected by the extra year of formal 
chemistry instruction in the period between the two interviews. 
Her case also provides an excellent illustration of how unsatisfactory written test and close 
questions could leave undiscovered many ACs which could continue to hindered her 
fizther learning. 
Event I- 1-6 
Her prediction of what would happen to the copper when placed in the very hot bunsen 
flame was scientifically acceptable: "Copper will bum.. oxidised cndfonn copper oxide" 
and would be considered as good as those given by other high achievers. 
So was her next response on how she conceived the process: "Copper oxidised lose 2 
electrons. " 
At which pomt, she was asked to say more about the process. She then said: ". Copper 
gcdn an oxygen.. or copper get cedain 6m ount of valence electrons and oxygen joins them 
6nd there'll be lots ... or could it 
be the other way round, oxygen lose the electrons.. not 
SWV.. 
. A'sked 
how she pictured copper (and later, oxygen in air) she said: 'ýpositive ions 
sunvunded by negaive electrons oxygen is covalent bonding, 2 oxygen afoms shcffing 
their electron system.. " Again such responses would be rated as scientifically acceptable. 
Ac 
., usked whether any other products were produced 
besides copper oxide, her response was 
surprising: "Could get hydrogen gas! given off av a wavte (writing the equation 'Cu + 02 
-> CuO + IT), * you could test for hydrogen by a lighted splint, you would go )gop'.. or 
maybe cabon dioxide might be given off.. yes so instead of hydrogen it could be carbon 
dioxide given off (writing a second equaion, Cu + 02-->CuO +CO) become I don't think 
the coppernnd the oxygen combine perfectly so them will be something emitted " 
1: "You don't think the copper and oxygen combine perfectly.. " 
C 10.1: "Yeah, I don't think they do, not perfectly, so something does get given off. - CO;, 
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Here was an interesting case of student talking herself into ideas of transmutation, 
predicting that there would be some ftirther by-product (possibly, in her imagination, 
hydrogen, or, more likely, she thought, carbon dioxide). A number of students appeared 
to find it quite easy to talk themselves into this AC and the reasoning appears to be 
comected with a general naive conception that burning involves carbon in some way (to 
produce carbon dioxide) and that incomplete combustion of the carbon results in soot! 
Another possible interpretation of her response could be that like a number of other 
students, her distinction between what consititute the reaction system and what its 
surroundings are different to those of the interviewer. This means she could be referring 
to a reaction system which is different to that of the interviewer. In other words, instead 
focusing her thinking on the copper-oxygen system, she could be uncertain which reaction 
system to focus on, and was probably referring to the bunsen flame reaction (the methane- 
oxygen reaction system) as well. Whichever of these interpretations was the case, the root 
of the problem seemed to be the lack of understanding of the driving force of chemical 
reactions which lead to her 'anything goes' thinking about reactants and products. 
C 10 was also confused about the term electronegativity which led to the idea that oxygen 
could lose electrons to copper; this is indicative of another common underlying confusion 
between covalent and ionic bonding. 
A. sked to predict the overall energy change, she said, "Overall.. takes in hece.. taking in heat 
energv to make boncis (A C B3q). " 
Here C 10 also showed two common mis-conceptions: 
i. that a reaction would be overall endothennic if the application of heat is needed; this 
kind of reasoning was found in a number of the other interviewees - the use of naive 
perceptually dominated reasoning or 'one factor only type' reasoning; 
ii. that energy is taken in to make bonds - this probably is the result of naive reasoning 
too; the fact that in the macroscopic world, energy is needed to make things, so in the 
tnicroscopic world, energy is needed to make things, including bonds. 
Her response was also indicative of a general level of confusion between activation energy 
and overall energy change; this was exemplified in her next statements. 
Ac 
., 
Aed to say a bit more about the role of heat, she said: "Heat speed it up, make 
everythingfayter azd then make them join. bond together " 
Ac if sked what the driving force was, she said: "The hedyouput in, tlmtý the dtivingforce . 
Event 1- U6 
At U6, as in the L6. she had no problems in predicting the reactants and products 
involved. 
Asked how the process was conceived, she said: "Hea ccwe them to move, they shav 
electrons, they try to get to the lowest eneqy they cau. copper aud oxygen form covalent 
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bond. copper aid oxygen share electron system.. copper give one, oxygen take one. " [She 
seemed to have confused ionic with covalent bonding in referring to copper and oxygen 
sharing electron system and yet copper giving one electron and oxygen accepting one 
electron. ] 
Her confusion was even more obvious when after a while, she said: "'No, oxygen must 
give to copper become oxygen hay more electrons than copperl don't think copper Izz 
enough electrons with only one outer shell electron.. needs 2 mom electrons to make bonds 
between the two, need 3 electrons, so I think oxygen gives copper 2 electrons" (drawing 
3 diagrams, the first showing the symbol 'Cu! with 1 'cross' representing the 1 outer shel I 
electron; the second showing the symbol '0 with 6 'crosses' representing the 6 valence 
electrons; and a third diagram showing 'CLf and 'G side by side, with 3 'crosses' between 
them). 
Thus, she seemed to make no progression on either her KEs on aspect C or her overall 
conception of the process of chemical reaction, showing the same confusion between ionic 
and covalent bond (AC C2a) at both the L6 and U6 interviews. 
Asked to predict the overall energy change, she said,: "Oven-il exothenn ic. giving out 
energy.. bonds give out eneqy when broken, when theyre fonned qgdn, they take in 
eneigy (This response which includes AC B3q wx p1cred in cceegory ii in section 10.2, 
Apter 10). " 
To which the interviewer asked: "What are the bonds which are broken? " 
She then replied: 'Vs it Van der Waals bonds inside the copper, a7d the oxygen (A C C2b, 
section 6 3, chcpter 6).. when these bonds bmak, energv is given out.. aid when bonds ar 
f fonned between copper and oxygen they take in enetýy'. 
During the L6 interview CIO had demonstrated a lack of understanding of the concepts 
of electronegativity and electrovalency; at the U6 interview this was still persistent and 
seemed further compounded by additional confused ideas which included Van der Waals 
forces, which thought were the bonds in oxygen and in metallic copper which were 
broken during the reaction. 
In fact, it seemed to this interviewer that she had regressed in a way. The reason is: at the 
L6, she appeared to have the scientific view that the bond within the oxygen molecule is 
a covalent one, with '2 oxygen atoms shcYing their electron system" and that copper 
comprised 'ýqositive ions swrounded by negative electrons", and there was no mention at 
all of Van der Waals bonds. In contrast, at the U6 level, she seemed to think that it was 
Van der Waals bonds inside the copper and the oxygen which break and which release 
energy. 
This syndrome of regression in conceptions showed by her here, was quite prevalent 
among the interviewees, even among those who made a lot of progression 
(see section 
12.1 , case 1). Perhaps this 
is the natural consequence of learning - of acquiring knowledge 
in unconnected bits and pieces in the early stage of learning (di Sessa, 
1982) or of 
undergoing disequilibrium before achieving accomodation and equilibrium again 
(Furth, 
1981). Or perhaps some cases, it is the result of selective inattention - the 
fact that the 
interviewee has chosen to ignore old knowledge and to construct explanations 
based on 
412 
new knowlege leamed. 
Whereas she did not mention bond breaking at the L6 level, at U6 she did, but only with 
the AC that it involves the release of energy. In other words, the AC uncovered at the L6 level that bond making requires heat input, instead of being abandoned, was further 
supported at the U6 level, by the twin view that bond breaking releases energy. 
On driving force, she said: 'Hea from the bumer is the dfivingforce (A C Dla). " 
Here, as in the L6 interview, she revealed a AC held by the vast majority of the 
interviewees there is an active causal agent behind chemical change; and more 
specifically, in reactions like event I where heat is the necessary and causal agent for 
chemical change. 
Event 2 
Again C 10 seemed most unusual in 2 senses; firstly in her most unusual ACs about what 
is going on when the candle is burning and secondly, in showing no progression at all on 
her ideas in this event. The extracts given here are more lengthy to illustrate the surprising 
views that C10 held with respect to the burning candle. 
Event 2-U 
Asked if there were chemical reactions going on when the candle is burning, C 10.1 said: 
"Them must be chemica( Anges in the amosphere.. the oxygen must have burned " 
1: "What do you mderstand by the teimbuming? " 
C 10.1: Tw-ning is between some kind of fuel and a matefial.. so it would be bui-ning 
between oxygen aud the capzdle.. it gives out carbon dioxide.. or maybe no, I think it just 
bw-n up the oxygen. then if there is not enough oxygen it would bwn up the carbon 
dioxide aid tw-n that to carbon monoxide which will be poisonous. " 
1: ... It will bum up the oxygen-and then if there is not enough oxygen, it would bum up 
the carbon dioxide.. what do you mean by the 'if? " 
C 10.1: "The candle.. the flane. - aud when the 
flane bwm up the oxygen, if there is none 
left, it would burn up the c6rbon dioxide. " 
[1he flame appeared to be seen here as an active agent or reactant, AC Ala. ] 
1: "Please write down what you think is the chemical equation for the reaction you are 
referring to.. " 
C 10.1: "Oxygen plus some heat. - aqd it will give off. -No, 
it doesn't-I'm not swr what it 
does a this stage but.. I think when you got ca-bon dioxide in the cdr (writing equation 2.1 
'02 + heat -> C02') aqd it biom it.. apid you have the heat.. it will give you c6rbon 
monoxide but I'm not swv how it works (writing equation 2.2'CO2+ heat --> CCV).. it ý C02 
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plus the hed gives carbon monoxide ... I know carbon monoxide is very dangerous so when 
you bum a ccndle you got to have plenty of oxygen 11 
1: (referring to the equations she had written): "Where does the IC' in CO 2come from? " 
C 10.1: "It comes from the atmosphere. r1 
"What do you think is the part played by the wax? " 
C 10.1: "Oh.. " 
1: "Is the wax involved in this chemical change..? " 
C 10.1: Wo, I don't think so.. it ý just to hold the wick.. the stfing.. it won't cach fire.. but 
it will melt. " 
1: "Why do we need the wick then? " 
C 10.1: "Beawe you cnn'L ifyoujust have a mach, it wouldprobably do the sane thing 
but itd bum yourfingets very quickly so I think it just holds the flnme for a long time 
until the wac melted. but I think the sane maction will take Plcre if You held the mach 
in a cigautte lighter " 
Asked how she imagined the process at the microscopic level, she said: "Oxygen is being 
almost destroyed while made very very hot, then it changes into something else.. once you 
burn something it won't be the same, it would be a different chemical-yes, because when 
you burn petrol, it turns into all sorts of things and then the exhaust of the car.. so I think 
the same hem.. oxygen changes into maybe ctrbon dioxide. " 
The ideas of transmutation (AC A4a, section 4.3, chapter 4) revealed in event I surfaced 
here again in event 2. 
1: "How do you picture carbon dioxide at the microscopic level.. " 
C 10.1: T will be a ccrbon a7d oxygen molecule there.. coother oxygen molecule there " 
(drawing 3 circles, arranged at the 3 apices of a triangle, with 'C' written on the middle 
circle, which has 2 lines, one on each side, extending out from it to the other 2 circles 
with '0 written at their centre; i. e., in effect she had drawn what could be interpreted as 
a V-shaped molecule, comprising one C atom singly bonded to 20 atoms, one on each 
side). 
1: "Oxygen molecule.. " 
C 10.1: Wo, oxygen atom.. these lines av bonds, I think they av hydrogen bonds or.. but 
itý the bonding between.. oh they av covalent bonds but is a 4pe.. I'm not sWV which 
bond but is a 4pe of bonding between molecules. " 
During this interview, the fact that she had her views of reactions and types of bonds so 
confused (e. g., for her to even think that the bonds in carbon dioxide are hydrogen bonds 
seemed incredulous to this researcher, for Whom, this is the first experience in eliciting 
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students' ideas) caused the interviewer to be rather 'unsettled and to refrain from asking 
the question on aspect B, i. e., asking her to predict the overall energy change. 
This Mterviewer was caught by surprise at her poor grasp of what was going on that the 
interviewer decided there and then that the prediction question might be too difficult for 
her. For the same reason, the standard question on driving force was not presented to her. 
Instead what was perceived as an easier question by the interviewer, on the role of heat 
was presented to her. 
"What do you think is the part played by heat here? " 
CIO. I: T must be to do with the eneqy becatue this is giving out energy wherex ... or raher taking in but I'm not too sure.. no, it gives out. " 
She seemed to have misheard or misinterpreted the interviewers question, which again 
this interviewer did not pursue ftu-ther, having decided on the spot that since her grasp of 
chemistry seemed rather weak, persistent pursuit of the same point might unsettle her. On 
hindsight now, this researcher might have been over-cautious or have underestimated her 
ability to withstand more in-depth probing. 
Event 2- U6 
It was rather surprising that C 10 did not seem to have any clearer conceptions of the 
reactions in the candle flame when she was interviewed one year later, when she was in 
the U6 form, as could be seen from the following extract: 
I: "Reactants are.. 11 
C 10.2: "Oxygen md ccrbon diox ide. " 
1: "Anything else... " 
C 10.2: 'V suppose anything else tlmtý in the dr. but I think oxygen aid carbon dioxide 
am the mdn mcrtmis. " 
1: "And what are the products? " 
C 10.2: "Once, the caidle bion all the oxygen, it will perhcps bwn the corbon dioxide aid 
that will give arbon monoxide-so I don't know whether it will bum arbon dioxide to 
stat with.. I think it does (A CA 3q section 4.3, chcpter 4). " 
1: "What do you mean by the term btmL or buming? " 
C 10.2: "Where energv is used to. . itý usually 
between afuel or a materid aid it gives out 
energv again ff 
(Note the lack of understanding of the concept of burning here - there is no mention of 
the role of oxygen. ) 
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1: "Is wax involved in burning? " 
10.2: 'Wo, the wax just holds the wick. " 
"Is the wick involved in any chemical reactions? " 
C 10.2: 'No, it's just like the bunsen burner. has a flawe but doesn It involve in the 
rextion. " 
1: So nothing. none of the material in this candle is involved in any chemical reactions in 
the flame? " 
C 10.2: 'Wo, none at a(l. 11 
1: "You said oxygen and carbon dioxide are involved, please write down what are possible 
products. " 
C 10.2: (writing equation 2.1 '02 + C02-->2CO).. "I think carbon monoxide will befonned 
when it burned but I think something else will befonned ay well.. maybe water so maybe 
if it burns hydrogen it will give out water as well. " 
1: "Where does hydrogen come from? " 
C 10.2: "Them av small amounts of hydrogen in the air a7yway, a7d it could bw-n with 
tha, so maybe itý.. (writing equation 2.2 '02+ H2 + C02->CO + H20') it 
The above extracts illustrate in a way, perhaps a slight progression for C10 who in spite 
of still not having improved in her conceptualisations of the chemical reactions going on 
in the candle flame, had at least appeared to move from having a kind of transmutationist 
view at the L6 level, where oxygen atoms are transmuted into carbon atoms to a 
conservationist view of chemical reactions at the U6 level, where there was an awareness 
that the atoms which appear on the product side of the equation are same as those on the 
reactant side, only differently combined. 
In this interview, the interviewer having been more prepared for her unusual answers, did 
not become 'unsettled as a result of her responses and was able to continue with the 
standard question on prediction of overall energy change (aspect B) to which she 
responded: 'V think it will give out.. or maybe take in eneqy become more eneqy is 
needed to break bonds so it means it could take in eneqy. " 
At this point, the interviewer reminded her that in event 1, she seemed to have heard her 
saying a different thing: 
1: "Now yotfre saying energy is needed, taken in to break bonds.. Did I hear you saying 
that energy is needed to form bonds in the copper reaction? " 
at is likely that she, like a number of other interviewees, had incorporated the scientific 
view that energy is needed to break bonds into her AC B3a that energy is needed to form 
bonds and that bonds when broken release energy. The way these 2 seemingly opposing 
views had been modified or adapted to fit her conceptual fimnework seemed to be 
by 
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thinking of energy needed to start the bond breaking process, and once that started energy is released by the bonds which are breaking up. ] 
C 10.2: "Yes.. so I think itý when bonds au broken, enetgyý given off aud energy's taken 
in tofonn bonc&. yes you can get enough enetgyfrom the bmaking of the bonds (referring 
to reactants On left hand side Of eqUatiOn'02+H2+C02') tofonn the new bonds (referring 
to products on right hand side of the same equatior4 i. e., 'CO+H2CV). 
"Could you expand on the bonds which are broken.. What kinds are they? " 
C 10.2: "Those cm molecules which always occur in pafts so will be intemal bonds. " 
1: "Just now you said in copper and oxygen are Van Der Waals bonds.. " 
C10.2: "Yes inside of them will be. " 
1: "What about inside of 02, H2, C02... " 
C 10.2: "Yes, inside these ar weak bonds but I'm not swv whether Vm der Waals bonds 
av Pmsent in a(l molecules. " Pere the same AC C2b uncovered earlier with respect to 
event I surfaced again, showing that she conceptualised Van der Waals bonds as INTRA- 
molecular bonds rather than inter-molecular bonds. ] 
C 10 seemed quite confused about bonding. At the L6 level, she seemed at least to know 
that oxygen in air comprised '02' molecules each with 2 atoms "sharing their electron 
system. joined by covalent bond". At the U6 level, she seemed to have regressed (but only 
to some extent - since as discussed earlier, at the L6 level she did show that she had no 
clear understanding of ionic bonding, since she was not even sure of the direction of 
electron transfer between oxygen and copper) to saying that inside oxygen (and copper 
metal) are Van der Waals bonds. However, she was not the only student who seemed to 
have such confusion about bonds. There were a number of students in this study who like 
her, seemed confused about the various types of chemical bonds - covalent, ionic, 
hydrogen bonds, Van der Waals bonds and so forth. This highlights, among other things, 
one problem in chemistry learning (which is probably similar to learning in other 
scientific discipline as well) - that because concepts are so closely intertwined, and finely 
differentiated from each other, confusion in any one area will almost inevitably lead to 
conftision in other areas. 
This case of C 10 illustrates how confusion about ionic or covalent bonding at the L6 level 
seriously hindered further understanding about bonding and chemical bonds, including the 
nature of inter- and intra-molecular bonds, which was reflected in a similarly confused 
response in the U6 interview. 
Event 3- 1-6 
C 10.1: "Gay combines with.. oh, the splint ay you light it on the match it bwvs the gx that 
comes out of the giz tqV aud I think it's butning methane. " 
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1: "What happens to the methane-first, show how you picture methane before it bums. " 
CIO-1: ... CH4'.. under microscope it will be like thce (0.2, Appendix N4. I A, showing a 3- dimensional tetrahedral molecule, with 'C' at the centre) and I think that is 109' in between the angles.. with the oxygen, methane will bwn and change into.. it'll have hea 
energv. - it will burn the oxygen from the afmosphem. - you'll get.. something. . I'm not swv what a all. It 
P'You think oxygen is involved here.. " 
C 10.1: "Yes.. or maybe could be just the methcne. " 
"Could be just methane burning.. " 
C 10.1: "Yes, but I think with the oxygen surrowding it x it comes out of the tcp.. oh no, there is no Oxygen in the tubing, so no, I think itýjust the methane butning " 
(She seemed to think that oxygen is not necessary for buming, AC Alb; however, she 
changed her mind soon, in the process of writing the chemical equation). 
1: " What are products.. " 
C 10.1: 'Maybe hydrogen or oh no, cabon dioxide again (writing equation 3.1 'CII4 + 02'-> 
)J think thereý going to be C02ard maybe water vCrour. some kind of water or 
H. maybe H will be given off ... 
I think the oxygen must cppear when you bw-n it [Here, 
like a small number of other interviewees, she seemed to interpret the involvement of 
oxygen in burning as it being produced as a product. It seemed to this interviewer that 
because these students were able to recall that oxygen is involved in burning but did not 
really understand its role in burning, the result was that they thought that in burning, 
oxygen could either be involved as product or a reactant. ].. when you'm but-ning 
methane-I'm not sw-e.. so oxygen aqd methane must be reartants aidproducts av warer, 
maybe carbon monoxide or hydrogen or carbon dioxide given off. (completing equation 
3.1 so that it became 'Cl-ý + heat --> C02 +H2+ H20). " 
It was not easy trying to count the number of KEs in her conceptualisation of the change 
involved. Her ideas seemed very fluid and uncertain, which were quite typical of the 
students interviewed. For example, she, seemed to think that it is possible for methane to 
bum without oxygen being present (the majority of the other interviewees while not 
necessarily all having the scientific view of the reaction involved, at least knew that 
oxygen must somehow be involved), then she seemed to recall that oxygen must somehow 
be involved in burning, at which point she suggested that "oxygen must tppear when you 
bum it". Then she seemed to shift her view to saying that "oxygen aud methane must be 
, VXtCwts f f. 
However, she seemed to have either shifted from this view of the involvement of oxygen 
as reactant when the equation she wrote has 'heat' as reactant rather than oxygen. Here it 
is highly likely that in her conception, oxygen and heat meant the same thing - i. e., heat 
was substantialised as oxygen -a AC found in a number of other cases in this study. 
There was inconsistency between her spoken words and tfie equation she wrote, not only 
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in terms of what reactants are involved but also in terms of the products - she mentioned 
carbon monoxide as a product but this was not shown in the equation, whereas the other three products she mentioned (water, hydrogen and carbon dioxide) were reflected in the 
equation. 
On how the process was conceived, aspect C, she responded: Wethcme gets very hot.. then 
it splits ip fionns sep6rute o6rbon aqd hydrogen aoms.. some c6rbon combines with 
oxygen fonns cýrbon dioxide-some hydrogen a1so combines with some other 
oxygen. gives wder. some hydrogenjust go off as H2.11 
On driving force, she said, "The hea given.. without the hec& nothing will h6ffe 
Dla). 
n (AC 
Again, this is a manifestation of the naive view that heat is the causal agent of change 
(Andersson, 1986b) or it could be that she was interpreting the question in a way different 
to what the interviewer intended. The interviewer had asked her to explain why the 
reaction takes place at all; whereas she could be interpreting it as: What causes the 
reaction to start or to be activated? Perhaps, it could even be the manifestation of the 'one 
factor only'type thinking, or perceptually dominated way of thinking (Driver, 1985) - heat is perceived as needed to set off the reaction, hence it must be the causal agent. 
Event 3- U6 
At the U6 her response in aspect A is similar to that at L6. 
C 10.2: "Yes, there ý chemica( reýrtion.. methane is being burned in oxygen, tofom waer 
aid maybe ccrbon monoxide or hydrogen or maybe carbon dioxide (writing equation'Cfiý 
+02-> H20 + CO; then cancelling off 'CO and replacing it with TT). 11 
(Her use of Tr instead of 'H2'to represent the product hydrogen appeared to be another 
indication of AC Cla, confusion between atoms and molecules. ) 
On how the process was conceived: 'Again methane will get very hot, the carbon and 
hydrogen atoms will split up.. become sepa-ae.. and they recombine with the oxygen. to 
fonn the products.. not sw-e wha kind of bonding is involved hem. " 
While showing that hydrogen was formed as a product in her equation, her response on 
how the process was conceived seemed to indicate that she thought both hydrogen and 
carbon would separately combine with oxygen. 
As pointed out earlier, this inconsistency which seemed to be the result of the fluidity and 
uncertainty of her ideas is perhaps inevitable since she seemed to hold many confused 
ideas. 
On overall energy change, she predicted: 'Weatý given off, from heat stored in methane 
(A C B2q section 5.3, Apter 5) aid then x it bwm it'll give out heat aid wder aid 
other products ." 
1: "Heat is stored in methane-T 
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CIO. 2: Wo, the energy apzd then the heat will comefrom buruing-the hed will come 
when methane is lit in the bunsen burner ad the eneqy will come from bmaking the 
bonds. - the C-H bonds and the oxygen bonds possibly.. will be bmak and give out energy 
which is used to fonn new bonds... I think there'll be m ore energy from bmaking of bonds 
than will be needed to fonn 
I 
bonds here (A C B3q this response is plaved in category ii 
in section 10.1., chcpter 10). ' 
A. 
, Acked on 
driving force, she said: "The heaffrom the bwuen agdn.. yes, itý the cata(yst. " 
Here she seemed to think of the term 'catalyst' as meaning something to initiate or start 
a reaction rather than something which merely speed up a reaction. However, since this 
interviewer did not probe on her meaning of the term 'catalyst! no definite conclusion 
could be made here. 
It can be seen that her ideas on all 4 aspects did not change much at all between the 2 
interviews. 
Event 4-U 
She predicted, 'Hydrogen gay aid magnesim chlonde solution will be fonned " 
Like many of the other interviewees, she was able to predict the outcome of this reaction. 
On how the process was conceived, she said, "Mg diýspltres. the hydrogen gets given off 
so the Mg combines with chlotine to fonn the MgC12which is dissolved into iL " 
Here, it seemed that what she, like many other students, mis-conceive of Mg forming a 
bond with Cl whereas Cl plays no part in this reaction. 
On prediction of overall energy change, she said, "Gives off hea -from the 
bmaking of 
boncls. " 
Here she again revealed the AC that bond breaking is exothermic; and seemed to use the 
'one factor only' type reasoning by not considering bond making. 
On driving force, she said, 'Maybe the hydrogen from HC1 acid come the reaction 
between the magnesium and the chlofide .... oh maybe 
HC1 acid altogether come the 
reaction.. the Mg dissolve in it so HCI acid together cause the reaction which make the 
hydrogen gay be given off.. because if it were by itself nothing would hcppen but it's when 
the HCI acid is powvd on to Mg thd it changed, so HC1 acid must have done something 
to Mg. ff 
Her view on driving force reflected what researchers such as Brosnan (1992) termed as 
one of the characteristics of common-sense explanations of change -that changes are seen 
as caused by an active agent acting on a passive object. This is a contrast to the chemist's 
view that chemical change is the result of interaction of equal partners rather than in the 
causal power of one participant. Again such a view of chemical change was prevalent 
among the L6 interviewees; and at the U6 level some students abandoned this view and 
seemed to make progression towards the chemist view of interaction of equal partners. 
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On how she pictures dilute HCl, she said: T would be a hydrogen aid chloride atoms 
together - but I don't know the difference between hydrochloric cmd hydrogen chloride so I assume itd be the same but.. itý a liquid whereas Mg is a solid so the Mg atoms av all 
packed tightly together but the hydrochloric one will be sepa&e and quite f6r qwy. I 
aysume the wid can break up Mg so.. must be able to break the bonds between the Mg 
atoms.. I'm not swv what it does" 
It was surprising that at A-level, she did not know the difference between hydrochloric 
and hydrogen chloride, and yet was able to predict correctly the outcome of the reaction. 
On bonds in the Magnesiurn, she said, "There must be something between the Mg.. ifyou 
gotpositives aidnegaives then them must be something holding these together. they must 
be electrostdic because positive aqd negotive attrcrt ecrh other. and the hydrochlofic acid 
must be able to break them up aid so the.. chlofide will aYrxt the magnesium becaae 
they ar opposite chages so oftrxt ecrh other " 
Her reference to the something electrostatic within Mg and so forth was not contrary to 
the scientific view and the reference to acid breaking it up is also not incorrect from the 
macroscopic or the layman! s view. However, the fact that she seemed unable to 
conceptualise the dilute acid as comprising H+ and Cl- ions (which was surprising since 
this concept had been covered at the GCSE level), and that it was the electron transfer 
between Mg and W with the resulting energy changes and so forth which brought about 
the breaking of bonds in Mg meant that no KEs were scored on her response. 
On how she pictured. MgC12.: "There'll be CI-Mg-Cl (drawing A. 1 showing essentially 
a V-shaped 'molecule' with 'Mg` at the centre and joined to a 'Cl' on each side of it with 
as ingl eI ine).. these lines represent som e kind of bonding, m ay be hydrogen bonding. . I'm 
not swv.. maybe a 4pe of hydrogen bonding or. no.. it could be covalent beccwe I think 
covalent takes pla, --e between.. in the sawe molecule.. itý 
bonding between more than L2 
or mom aoms in a molecule ad they must shave their electrons in some way-can't 
remember. there is an electron diagmm-with the valence electrons and they will be 
situded avund iL. C1 hiz 17e, Mg has 12e so its Mg got 12e so got 2 valence 
electrons-I'm not sure where the chlofide molecule comes.. the chlotide molecule would 
join on.. one here maybe aid one here.. aid when they join on you get the magnesium 
chlofide molecule but I'm not swv.. they shav their electrons somehow (A-2) 
Note her utter confusion about particles (AC Cl a), and bonding. Again there seemed to 
be no understanding about the electropositive nature of metals like Mg, which would lead 
one to infer its tendency to lose its valence electrons and so forth. 
Event 4- U6 
At the U6 level, again she was able to predict the outcome in terms of reactants and 
products without difficulty. 
On how the process was conceived, her response was: "Become these av positively 
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chaged (referring to Mg) it'll combine with Cl which me negaively chaged -aid become ayrxted avid it will then have to give off the H" 
On the overall energy change, she predicted, "Overall exothennic becaue it's giving 
out.. it'll give out.. well the energv is hem, bmaking these sorf of bonds will be less th,, m 
the eneqy needed to fonn magnesim chlofide so them'11 be net giving out of enetgv. " 
"Yodre saying 'energy needed to fornY 9. " 
C10.2: Tnetýý given out is more than the eneqy needed. so them'll be eneTv left.. " 
1: "Yodre saying there are bonds being broken in magnesium metal ?" 
CIO. 2: 'No-there'll be intenvI bonds, but not any bonds split between Mg atoms since 
Mg is by itself " 
Like a number of other students, here she seemed to think that there are no inter-atomic 
bonds in Mg which needs to be broken in the reaction. This seemed to be a kind of 
regression given that at the L6 level she referred to electrostatic bonds in Mg which were 
broken by the acid. 
Also by saying now that there are no bonds to be broken she seemed to contradict her 
earlier point about there being Van der Waal bonds in copper which needs breaking (event 
1). This seemed to show that she was not thinking scientifically - she seemed unable to 
generalise that copper and magnesium are both metals and therefore they should have 
similar sort of bonding; that she said of copper should apply to magnesium. She seemed 
to be refen-ring to each event and substance in isolation; and there seemed no concern on 
her part about maintaining a consistent view of event or concept (e. g., metal). 
L"Internal bonds of magnesium ?" 
C 10.2: "These ate inside the atoms ay opposed to between the atoms which will, -which 
may break aid here between the H avO Cl in HC1 there'll be bonds breaking actually 
between the 2 molecules [She seemed to be using the wrong term again here. What she 
probably meant was the 2 atoms i. e. H and Cl in HCL Here again, it seemed that her 
confusion about the various particles surfaced again. ]. " 
Here by referring to internal bonds of Mg she seemed to be referring to intra-atomic 
bonds, the nature of which this interviewer did not probe, because this had not been the 
focus of the interview and also because of the need to cover other aspects in the interview 
schedule. 
1: "You're saying when these bonds, the internal bonds in Mg and bond between H and 
Cl in HCI break, energy is given off T 
CIO. 2: "Yes.. oh, they may have to take in energy to break bonds. -it 
depencls how much 
energy is within the molecule aTway apzd to actually break the boncls to mafn1afn a 
cendn, nmount of energy it may have to take in mom. " 
1: "In the copper experiment you said there're bonds being broken in copper and oxygen 
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and as these bonds are broken they give off energy. " 
CIO. 2: "I think so, not sw-e a7ymore.. in the fiat stage of recrtion they'll break bond. 
when bonds av broken, they'll give out eneW, * a7d then they'll take in energy when bonds aefonned but if you.. Ietý go bcrk to copper oxide.. if these wem to recombine, I 
think it will take in enetgy to break those bonds-so thefint rextion (meaning bond breaking) will be exothennic wherecv the subsequent rextion (meaning bond fonTdng) 
will be endothennic. " 
1: "How about here.. (refening to event 4)" 
C 10.2: "Sane will cpply.. so when intemalbonds of magnesiwn break, enerD) is given off 
aud when bond in HC1 is broken eneqy is given off.. then when magnesiwn chloride is formed, eneqy is taken in ff 
I: "How do you picture the bond existing between hydrogen and chlorine in dilute HCIT 
ClO. 2: "Sort of H bonded to C1 (drawing 41, IH-CII) but the electrons will be aircrted 
to either the H or C1 depending on which is most electro.. electrically chc#ged. sott of 
negdive aO sod ofpositive.. [Here she revealed that she had not grasped the concept of 
electronegativity. ].. I think electrons will be drawn towa& the CI beccwe the electrons 
will be soit of down here.. so I don't think it'll be an equal bond so it won't lie sttuight 
between them (adding a '-' to the Cl &aY to H in H-Cl) yah, electrons to one side. " 
But she seemed to have acquired some idea of the polarity of the H-Cl bond. 
1: "What causes this bond to break? " 
C 10.2: "Cl will be canxted by the Mg so the bond will be broken by Cl going over to 
Mg. ff 
Her view that the H-Cl bond is broken as a result of Cl going over to Mg was prevalent 
among the interviewees; sometimes even among those who remembered having learned 
that aqueous acids like HCI produces hydrogen ions. In some of these cases, the ionic 
bond was thought to exists between the W and Cl- ions; which was then broken by Cl- 
going over to Mg. 
1: "What is it about magnesiwn that attracts chlorine? " 
C 10.2: 'Magnesiwn is positively chaged " 
1: "This piece of Mg metal is positively charged? " 
C 10.2: "Yes. " 
1: "But the way yodve written.. doesn't look so.. 'Mg (referring to equation 4.1)" 
CIO. 2: Tositive so if Iput Mg' insteadof Mg-this is Cl so need2Cl'sfor every Mg 
1: "What is the bond between Mg & CIT 
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CIO. 2: 'Vonic.. no.. yes, itý salt so ionic bond " 
She seemed to think of the metal as existing as 'Me. Again she was not unique in having this view. Ihere are at least two possible sources/reasons for having such an AC: 
there could have been confusion between an element and its compounds; 
there was confusion between oxidation number and charges - she could have learned that group 11 metals like Mg has an oxidation number of 2+ and wrongly 
applied it here to the metal in its uncombined state. 
This view of hers which involved no concept of electron transfer in this reaction nor an 
awareness that dilute HCI contains mainly free W and Cl- ions are quite common among the interviewees. 
On driving force, Tý heat agoin aid unless.. I don't think them ý any kind of caalyst.. b ut 
once the boncls break it'll be caneed but I don It know what comes the bond to break to 
sice with.. I think itý the aftwtion between Mg and C1 once they combine. " 
Here, her lack of understanding about bonds and energy change involved in bond breaking 
was again evident when she referred to heat (input) as driving force and yet said that she did not know what cause the bond to break to start with. 
Event 5-U and U6 
(Time seemed to run out for this event at both interviews; so that her responses were 
hardly probed but were taken at face value. ) 
At both L6 and U6, she was able to predict the formation of sodium nitrate and lead 
chloride, and at the same time, she misconceived both products being formed as solutions. 
Here, like many of the other interviewees, she seemed to have learned fairly well the rule 
about swapping partners. That to say, given 2 reactants 'Aff and 'CIY, the products 
formed are just recombinations of the original partners, i. e., 'AD' and 'CB'. 
On how the process was imagined, again both her L6 and U6 responses were quite 
similar. 
At the L6 level, to help her visualise the process of the reaction, she was asked how she 
pictured the process of dissolving of NaCl salt in water. To which, she responded: "Wafer 
breaks ip the electrostatic bond between sodiwn ions and chlotide ions but the ionic bond 
is still them.. the electrostaic bond stops them awwting.. 11 
Here, like many of the other interviewees, she seemed to think that the process of 
dissolving leaves the ionic bond intact but breaks some other weaker bond (which in most 
of the other interviewees' conception is a Van der Waals bond, whereas in her case, she 
did not think of it as Van der Waals bonds, but some "electrostatic bond" within the 
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sodium chloride structure. Again her confusion/lack of understanding about ionic bond 
was revealed when she seemed to differentiate it here from "the electrostatic bond". Here, 
it seemed that she did not think that the ionic bond is electrostatic in nature. 
On how the reaction took place, "Positive sodiwn aO negative nitmte they auxt.. so a1so 
positive lead aud negative chlofide andfonn the products.,, 
Again her explanation was rather superficial (inspite of having been prompted to imagine 
that she was looking at the reaction as it was occurring through a special machine which 
would allow her 'to see the tiniest of particles'), and perhaps similar to one that a student 
from a lower grade would give. 
On overall energy change: 'Maybe no enetýD) chcinge.. maybe bond breaking enetýDý is 
equal to bondfonning eneqy. " 
Here, like a vcst nwnber of the other interviewees, she held the AC that the maction 
process as involving the bmaking of the ionic bonds within the two mactaws 
On driving force: "The awwtion due to opposite chcrges. " 
Here, her response is superficially inconsistent with those she gave for the earlier events: 
for event I and 3 it was heat input (she was not asked about event 2) and for event 4 it 
was the acid. However, on a broader level and from her own perspective, she seemed 
quite consistent in maintaining the view there is a cause behind chemical change - in 
events I to 3, it is heat, in event 4 it is the acid and in event 5, it is the attraction due to 
opposite charges. 
At the U6 on how the process was imagined: Wa cannot combine with Pb becaae itý 
I positive chage, and Pbý 2 +ve chage.. so they'll mpel each other, so will Cl and the 
N03.. so At ý the only way they could combine" 
This response was very similar to her L6 response, showing no progression in 
understanding at all. 
On overall energy change: "Oven-il exothennic.. because energv needed to break these 
ionic bonds will be grecter than the eneqn) to fonn these. " 
On seeking clarification of her view that energy is needed to break the ionic bonds: "Oh 
yes. no, the eneqy from breaking.. the energy needed - it probably 
has the eneqy within 
ilse6C to break the bonds, but the eneqy from breaking those bonds will be greater than 
the eneqy needed to fonn these new bonds. " 
Here again she appeared to be thinking that energy is needed both to break and make 
bonds; and that once the bonds begin to break, they release energy. 
CI O's reference to energy being needed to break bonds was probably part of the fragments 
of new knowledge she picked up from A-level topics in organic chemistry as well as 
from 
thermochemical. calculations involving bond enthalpies and so forth, which had been 
superimposed on her existing AC B3a, that bonds release energy when broken. 
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On driving force: 'Wot suir-wha actually cade it to combine-maybe it's the atrxtion between Na and the nitrae ad. the C1 and Ph. becaue Na is positively chaged aid C1 is negatively chaged " 
This response was almost identical with her L6 response on the same event but seemed inconsistent with her U6 response on the previous events including on event 4, where she 
said of driving force "it's heat agdn. " 
Again it seemed rather incredible that across events she did not seem to make progression 
on aspects B, C and D, the process aspects of chemical change, while having fairly good ideas of what reactants and products are involved in the events except for the burning 
candle. She seemed to be just as confused about the nature of bonds and the energy 
changes involved in bond breaking and bond making at the U6 as at the L. 6. 
SUNEVLARY OF CASE IV 
This case illustrates how a student could score a grade 2Bs for coordinated science at 
GCSE level and aspired to do medicine at university and yet seemed utterly confused 
about some of the most ftmdamental, ideas in chemistry. 
It illustrates various kinds of naive ideas such as those related to burning and 
substantialisation of heat, and transmutation ideas which were found in younger pupils 
(e. g., Andersson, 1986a; 1990). 
It also illustrates how confusion about bonds and bonding if not sorted out at the L6 level 
could seriously hamper ftrther learning at U6 level and result in ftirther (even more) 
confusions. Whereas students like El seemed not to make much progression because of 
apparent loss of interest in the subject, C 10 seemed not able to make progression because 
her deep-rooted mis-understandings were not sorted out. 
It also illustrates perceptually dominated thinking and the lack of scientific reasoning - the 
ability to use underlying concepts and principles to apply across events. She seemed to 
treat each task and each substance independently without recognismg the relevant 
commonalities in question; giving rise to inconsistencies in her views and explanations. 
The limited 'one factor only' type reasoning was also obvious. 
It also shows the fluidity and fragility of ideas in situ - the inconsistency between what 
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APPENDIX 0 
Reliabilitv check on codinia of transc '_ to 
Appendix C sets out in detail the criteria used in analysing the transcripts to 
determine the numbers of Key Elements. A check was made on the 
reliability of the application of these criteria. Some transcripts were read 
by two subject experts and comparisons were made between the results of 
these two and this researcher's results. The comparisons were made at the 
level of aggregation as set out in Appendix G, tables G1 to G4. For each 
data item, i. e. the total count of key elements across the five events for one 
of the Aspects A, B, C, or D, the discrepancy in this number was expressed 
as a percentage of the total possible count. Nine such pairwise sets were 
compared, each involving the four events so giving thirty six comparisons 
in all. 71e mean discrepancy over these thirty six was 5%, with the largest 
single discrepancy being 20%. This gives a rather optimistic view because 
many of the counts are zero : in some such cases, but not all, the zero arises 
because the issue was not addressed in the interview, often because of the 
subject's failing on prior items. It is hardly possible to disagree when there 
is nothing there. If all the zero discrepancies are omitted, then the mean 
discrepancy was just under 9%. This gives a pessimistic view, because some 
of the zeros do represent judgements that relevant material that is in the 
transcript fails to meet the criteria. 
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APPENDIX P 
DERIVATION AND SIGNIFICANCE OF P-VALUES 
The p-values in Tables 4.1 and similar tables were generated from the F-values by 
carrying out one-way analysis of variance, using the M=AB programme. It is a 
measure which allows one to see to what extent differences in the mean values can be 
attributed to chance, by taking into account the spread of values. If the spread is narrow 
and the differences are large, then the latter are less likely to occur by chance. 
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